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ABSTRACT

A coalto-nuclear (C2N) transition means siting a nuclear reacttieaite of a
recently retirecdcoal power plantThree overarching questiofrem the C2N
transitionguide this research: wheirethe United States aretired coafacilities
locatedand what factors malkasitefeasiblefor transition what factorof
technology, cost, and project timelideve investor economics over such a
decision and how willC2N impact local communities?

Thestudyteamevaluated the siting characteristics@tently retiregplantsand
thoseoperatingcoatfired powerplant sitegun by a utility or anindependent
power produceutilizing publicly available datéo screen U.S.aal power plant
sitesto nucleaffeasible locationsAfter screening alletiredcoal sites to a set of
157 potential candidas@ndscreening operating sites to a gE237candidats,
the studyteamestimatsthat80% of retiredandoperating coal power plasites
that were evaluateaavethe basic characteristics neededbéoconsidered
amenable tthostan advanced nuclear reactéior the recently retireglant sites
evaluated, this represertsapacity potentialf 64.8GWe to bebackfit at
125sites.For the operating plant sites evaluated, this represents a capacity
potential 0f198.5GWe to bebackfitat 190 sites.

This reportevaluates a case study fhe detailed impactandpotential outcomes
from a C2N transitin. Based on thaucleartechnology choiceand sizes
evaluatedo replacea large coal plant df,200MWe generation capacigt the
case study siteuclearovernight costs of capitabuld decreasby 15% to 35%
when compared to a greenfiadnstructiorproject,through the reuse of
infrastructurefrom the coal facilityNuclear replacement designs can have a
lower capacity size becausaclear power plants run at higher capacity factors
thancoal power plantdn the case study repiag coal capacity with924MWe

of nuclear capacitythe studyteamfoundregional economic activity could
increase by as much as $275 milleomd adds50new, permanenjobs tothe
region of analysis

Theevaluated site choice the report is hypothetical for analysis purposes only
and based on available data @etumentedssumptionsConsequently, the
findingsonly inform at a general level. A communjfppvestor or other

interested stakeholdean usdhese results to set apdetailed, irdepth analysis
for aspecific application of interessuchas evaluating C2Ntransitionof a
specific coal power plarand a specific nuclear technology desighe report

was subjected tmdependent pe@eviews by experts in systems engineering and
regional economic modelirtg evaluateanalysis and assumptions.
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INVESTIGATING BENEFITS AND CHALLENGES OF
CONVERTING RETIRING COAL PLANTS INTO
NUCLEAR PLANTS

1. INTRODUCTION

The purpose of this study is to investigtitebenefits and challenges associated &itbalto-nuclear

(C2N) transition in the United States. Benefits and challenges are complex and can be evaluated on many
dimensions. Those evaluated hergude (a) the potential for.8. coal power plant (CPP) sites to be
repurposed to sites with a nuclear power plant (NRéasured at a national scale) the costand project
timelineimplications arising from infrastructure compatibility in repurposing equipment, and (c) regional
economicand environmentaimpacts to communities where the C2N transition takes placthis end,

the study aims to answer these questions:

71 IntheUnited Sates how many CPRitesare candidates for C2tkansition?
1 What are the risks/benefits associated with different C2N project types?
1 How will C2N transition affect surroundirgpmmunities?

Environmentabnd climate changeoncernglace pressure on utility plant owners to retire CIFes.
example, greateemphasis on a decarbonized econ@mgincreasingcompetitive economic pressure
such as the occurrence of negative prices in deregulated electricity maaketsaused utilityowners
across thé&Jnited Stateso retire many CPPand makeplansto retire many moréelA, 2020a; Omitaomu
etal., 2022; U.S.CRS,202Burt her , policy initiattvasi seohmay
accelerate the pace of retiremefusS. EPA, 2022¢)The C2N transition is a way to replace the retiring
coalgeneration capacity while utilizing what would otherwise be strandeets at CPPs and providing
economic opportunity to site owners and surrounding commurfiiggher,the C2Ntransitionmay be an
opportunityto deploysmall modulareactord SMRs)andadvancedonlight-waterreactord ARs) via
early adopter communitieSMRs andARs have similar siting characterist@sdare considered together
in this reporwhenever théR acronym is used.arge lightwater reactor§LWRs) generally have a
capacityof more tharl GWe and are consideradith a separate set of siting analysethiareport!

This research, conducted by a midth team of researchers from the Systems Analysis and Integration
Campaign (SA&I) within the Department of EneéggDOED )Office of Nuclear Energyassessethe

benefits and challenges in three interrelated steps: siting analysisy-edmomicanalysis(TEA) with
decision modeling, and economic and environmental ingaadysesThe siting analysis takes a national
view of CPPs in th&nited Stateshen quantifies the number of sites that meet the requirements for siting
an NPP. The technical, decisianodeling, and economic analyses are carried out basstkeoarios

around acase stugl site Using the siting analysis, researchdgsdopeda representative CRftein the
Midwest, around whiclscenariosre set up for technical and economic evaluation. Thetsst

evaluation region for the case study is hypothetical only to facilitate the analysis. For it, study researchers
leverage publicly available datainceno utility, municipality, power plarihvestor, cooperatiyaor
corporationis part of this study.

Asummary ot h e scompdnerid garts listedin the subsectiongelow.

1 Large LWRs that use passive safety systamalsooften referred t@s advanced reactoitdowever, due to capacity
differences, siting is considered separabelthis reporfrom SMRs and ARs.
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1.1 Siting Analysis

The siting analysis screened @lS. CPP sitegito a sebf potential candidate sites composed 57
retiredsites and 23@perating sitesOf the candidate set aktiredsites,the analysis shows that 80% are
conducive for siting AR and 22% are amenable to siting large LWRs.operating siteshé analysis
also shows that 80% are amenable to siting,ARd 40% are amenable to siting L\W/R his represents
the potential for 125 recently retired sites (with 64.8 GWe coal capacity)he potential for 190
operating sites (with 198.5 GWe coal capadityfiey were backfitted with AR technologifferences
betwee the capacity factofor CPPs andhe variousbackfitreactor technologiesrenot considered for
siting.

To conduct tk evaluationghe ORSAGE tool (Oak Ridge Siting Analysis tool for Power Generation
Expansionwas appliedo data obtained from the DGEnergy Information Administratio(EIA) (US

EIA, n.d.). The siting analysis was instrumental in identifyingRPlocationsuitablefor thestudy. Using
criteria in ORSAGE coupled with parameters from the EIA data, the siting analysis allowed the research
team todeveloparepresentativeite based on characteristics of plaimshe Midwestfor a deepercase
study.The compositeCPP has a geerator that wasetiredin the last 10 yearand an operating generator
announced for retirement the coming decad&ach generator has a nameplapacity of
approximately 600We for a combineatoal capacity ofl,200MWe. Thereview team developedeh
compositesiteto showthesingle CPPsite generator could potentially be replaced by sma{ier
technologywhile the two CPP site generators could potentially be replaced by a large ThW®.the
compositeproxy locationis a good case study ofedium to largesized plants that have been or will be
retired.

1.2 Technical Compatibility Analysis and Decision Modeling

This component of the study infosmnthe extent to which infrastructure@aCPPsite might be
repurposed for application aBnNPP.The analysis leveragesdatabase on costs for nuclear and coal
facilities (EEDB, 1988) Based on data and cost accounting structure, this ansiygiests factors that
will likely bear onrepurposing infrastructuréocusing categorically oaffice buildings and electric
switchyardcomponents&nd transmission infrastructyteed-sink components, and steaiycle
componentsBased on compatibilitgor lack theredfacross these systems, this analgstimates a range
of cost implicationsThe results suggest potential cost savings on the overnight cagEt@DCC) of an
NPPin the range of 1% to 35%when compared with a greenfield projed¢pending oseverafactors.
The compatibility analysis results intechnology mapping of factors to considiarevaluating future
C2N transitions, which shows major decisinivers.The study team developed a preliminAgent
Based Capacity Expansion (ABCE) cadea plugin for the A EAF (Argonne Lowcarbon Energy
Framework) platform to evaluate investor economics of possible C2N transition projects. These results
uncover he importance of timing CPP decommissioning relativedo NPP starup.

1.3 Regional Economic and Environmental Impact Study

This part of thestudy focuses on communiityppactsof the hypotheticaMidwesterncase studgite
Applying the method of inpebutput(l-O) analysisand the software package IMPLARO22b) the

study team evahted the economic and environmental impacts of a C2N transitibe 1,200 MWe

case studyor coal and nuclear power plardtdifferent sizes, one of which was924 MNe nuclear
plant. Capacity factors foa CPP are less than thoseaofNPRS approximatéy 50% lessfor a CPP
versus approximately 90% fanNPP(Statista, 2022)Consequently, smaller NPP alternatives (in MWe
capacity) were evaluated in the case stiay.the case dfansitioningto a 924 MVe plant, he study
results suggest thaibs in the region could increase by more tG&@permanenjobs, distributed aarss
the NPP, the supply chain supporting the plant, and the community surrounding thEqlagfierence,
prior to the CPP closure, employment atd¢hee study siteas estimated at 150 jobBtansitory effects
(e.g., construction jobsvere excluded &m this analysibecause of the® approach to impact analysis
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Longterm job impacts¢ranslate to additional economic activig the order of $275 millionmplying a

92% tax revenuacreasdrom the NPHor the local countyvhencompared to a scenard all coalto

one ofall nuclear For thecase of th®24 MWe plant, he environmental analysis suggests that
greenhouse gas emissions (GHG) in the region could fall by as much ab@®@8%er because transition
effectswerenot modeledthe GHG impact of nuclear constructismot reflectedMoreover, this
analysisaddresses theplications for workforce transition as well as social and environmental justice.
However this study did noevaluate the impacts &fel fabrication spent miclear fuelstorageor low-

level and higHevel waste associated with operatjan NPPbecause these services would take place
outside the region of analysBSimilarly, environmentaissues associated with ash ponds and other legacy
CPP impactsverenot apart of this studypecause they were outside the scope of analysis

The reporproceedss follows Section2 provides an overview of the research efforad@2N transition
underway at other institutionSection3 presents the siting analysis, including a description of the
geographic information system (GIS) capabilities for the st8dgtion4 outlines the infrastructure
compatibility issues, including the effect the costand project timelineandshows how a decisien
maker model can be used to evaluate C2N issues from an investment perspectioe5 describes the
regional economiand environmentampact study with findings and implicatigrendSection6
summarizes report findings andnclusionsA four-partappendixdescribes much of the technical detalil
and background information needed for each component of the study.

The readerd advised to keep in mind that tkisidy is hypothetical for analysis purposes phbsed on
publicly available data amnstatedassumptionslt provides general informatiain siting,technical
compatibility, and regional economids municipality, cooperativeutility, investor, or other interested
stakeholder canse this study to identify theey factorsin addresig a detailed and involvedvaluation
of aC2N transition.
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2. BACKGROUND AND LITERATURE REVIEW

With theenthusiasnand interest for evaluating potential C2N transitions intthiged Statesnd the
increasing push toward decarbonization, researcd@2dhtransitionss increasingly importanWWhile the
subject of C2N is not new, it iilsin its early stages. Not only has a C2N transition not yet occurred in
the Unhited Stategalthough one such project is underway in Wyomibgj leading researchers on this
topic are also still developirtgansition approaches and guidelines. This study aims to add insight to the
existing body of C2N research

This section summarizes publicly available literatiRecognizing that this study does not provide a
comprehensive overview afl research in tlisi area, the following summaries provide an overview of a
subset okxistingC2N research.

1. Belles et al. (2012andBelles et al. (2013re part of twdak Ridge National Laborator®RNL)
studies on an SMR sitgcreenng study using the ORAGE tool. In the first part of the studpRNL
enhancedhe ORSAGEtool tospecifically handle issues related to SMR siting. The second part of
the SMR sitescreening study, summarized in the 2013 paper, uses the enhan&&EER®I to
screen a sample afCPPsite with the potential to be repowered watmSMR. The objective of the
second part of the study is to demonstrate the capabilities SABE in screenin@PPsites for
SMR repurposing, rather than to comment on the dliitabf specific CPPsites. The sample of 34
CPPsiteswaschosen based on their nameplate capagitych optedfor older and smalle€PPs
The coal stations selected for screeniflye tweare e\
or fibesto based on their site selection and eval

2. Belles et al. (2021¢valuate 1 PPsites in theTennessee Valley Authorityf'{/A) service territory
to determine the potential of these sites for SMR siting. The T?Rsites are a mixroexisting and
former sites and are evaluated using the SGE tool. ORSAGE evaluates the sites based on
established industry and regulatory criteria and available data. The results of the analysis conclude
that most of the sites evaluated are suitaigations to site an SMR.

3. Bartela et al. (202Iipvestigate uncertainty surrounding the future of the P&RRfleet given
economic challenges and increasingly ambitious clit@atgets andhvestigate the potential for
SMRs to replace codired boilers.Towardthis aim, the authors performli&A of the replacement of
the furnace and boiler in an existing Polish brownfield coal site with the Kairos Power Fsaltide
cool HighTemperature Reactor (KIPHR). The results from the technical analysis suggest feasible
integration of the steaiwycle andsteamturbine unit. The results from the economic assessment
suggest an economic advantage of retrofitting an exi§tiPigsite compared to a green field
investment for each of the three investment pathways considered. The study also concludes that the
price of coal, price of C&) and investment cost all significantly contribtaghe viability of aC2N
transition.

4. Quist (2021)assesss retrofit decarbonization options of the PolPPfleet. Using the PolisEPP
fleet as a case study, the authors compare the benefits of many retrofit decarbonization options
including, adding carbon capture, converting to biomass feedstock, conveniagral gas and
carbon capture, switching out coal boilers for nuclear reactors, wind turbines, solar photovoltaic
panels, geothermal power, and more. After evaluating each option on many criteria including, ability
to reutilize existing equipment, ntdt thermal output, and ability to handle water scarcity issues, the
authors find that the most attractive retrofit decarbonization option is usingdmglerature SMRs.
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With this option, overnight capital costs and LCOE are found to be lower than iardiglc
installation.

5. ScottMadden (2021§valuate the potential of advanced reactors to revitalizecpastcanmunities.
The focus of this paper is on the community impact of repurp@sitigPwith anSMR, specifically
analyzing the net changes in jobs, workforce retraining requirements, and broader economic impacts
to the host community. The paper also examineg eval replacement within SMR is favorable
over other generation sources such as wind, solar, and natural gas. The findings of this report suggest
SMRs are viable replacement options and would support the host community through economical and
carbonfreeelectricity, more and better paying jobs, limited retraining reqdoe@PPworkers and
investment reductions through using existing site infrastructure and workforce.

6. NuScale (2021gliscusses the impacts of coal plant closures on reliant communities and on the need
to ensure a just ecomuc transition. It also discusses the scale to which their research is relevant and
timely, given that an estimated 145 GWe of aagacityin the United Statewill retire if climate
targets are met. NuScale presents the Centralia Coal Plant in Wasi8tageas an example of a just
economic transition plan that is in progress and suggests potential policibe thapartment of
Energy DOE), stateandlocal authorities andpowerplant owners could support to facilitate a just
transition. As a devefier of SMR technology, the paper explains how the NuScale VOYGR plants
couldreplace decommission&PPfacilities while helping to maintaithe economic vitality of the
workers andheir communites.

7. Toth et al. (2022jocuses on the frontline community impacts of transitioning away from coal. These
arecommunities that have benefiteconomically frontheir proximity to coal plants, with
employment, good paying jobs, tax revenue, éladtricity. With the push to transition away from
coal to cleaner sources, these communities need assistance with economic revitalization. Advanced
nuclear may present a potetbption fora CPPsite transition while ensuring community longevity
and economic security. Nucleemuld usehe existing transmission, transportation, and water
infrastructure left behind from retired coal plants. This report also analyzes possiliensdor
C2N transitions based on community support and legal, environmental, and technical constraints. It
concludes with a discussion of the ongoing policy efforts to support coal communities and transition
efforts.

8. Griffith (2021)focuses on presenting ngarm issues that need to be considered by utilities and
stakeholders in replacing a CPP with an NPP.&ofithe presented and discusssdiesnclude
decommissioning efforts of a CPP, siting conditions, the basics of generating energy, NPP and CPP
matching, and other factorsiieplacing a&CPPwith an NPP Griffith also discusses the potential
options, eals requiring varying levels of technical and socioeconomic consideratiorepla€ing
coal power witmuclear power. To demonstrate how these considerations can be applied and how
viability can be assessed, Griffith presents an example case stu@2hifteansition at the Colstrip
Pl ant in Montana. | nthesGatdway for Aaceletated IBovatibrfin Nudiedrs s t u ¢
(GAIN) Initiative is leading an effort of community engagement to facilitate-coaimunity
understanding of C2N impacts.

9. TheNuclear Energy Institute (NEI) works directly with state legislatures and policy makers to
explore the potential of @2N transition. In a presentation to the Montana State Legislature in
January of 2022\lichol (2022)discussd the advantages of SMR technology in terms of
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10.

11.

12.

13.

environmental friendliness, system benefits, economic benefits to the region, and growing utility and
state interest. Recognizing the negative impact of ret&i@fPon the local community and the

value of repurposing existing infrastructure, NEI cites findings ofScottMadden (2021¥riffith

(2021)(the GAIN report), andoth et al. (2022fthe report by The Good Ener@pllective). With

these presentations and interactions with state policy makers, NEI aims to pr@2dteransition.

NEI has also established a working group to investigate strategies aimed at streamlining siting at coal
stations.

TerraPower (2021describes the C2N project underway in Kemmeafgroming, to transition the
Naughton CPP infrastructure for use in a Natrium NPP sited nearby. The remaining two units of the
Naughton Power Plant aptanned foretirementby 2025. TerraPower and its partnergtomproject
evaluated many factors in detgning the suitability of the site, such as access to existing
infrastructure, grid demand, site characteristics, and the ability to obtain a license forftioensite
Nuclear Regulatory Commission (NR@ccording to TerraPower, the local communitda
communities across Wyoming have expressed their support for the demonstration project.

In this report,TheElectric Power Research InstituteRR) (2019)considers the plant retirement and
redevelopment process of coal sites from a wide range of topic adelassmg key consilerations,
barriers, and potential actions to birlgla strategy or approach for site repurposing or redevelopment
of retiring coal plantsTo develop a comprehensive and holistic repurposing approach, EPRI seeks to
assist its members by presenting arstaésing case studies of repurposed sites, ongoing repurposing
initiatives, funding benefits, and recommended next steps. While this study does not specifically
focus on replacing retired coal plants with advanced nuclear, EPRI plans to compfeig@n

repowering coafired power plants for advanced nuclear by the end of 2022.

Ingersoll (2022describes efforts at TerraPraxisdevdop a repeatable, fast, and equitable strategy

to repower coal plants. TerraPraxis is working with Bryden Wood, Micrakeftilassachusetts

Institute of Technologyandthe University of Buffalo to develop different elements of this platform,
including astandardized building system and a heat transfer and storage system. With this platform,
TerraPraxis and its partners hope to contribute to decarbonization efforts while supporting the
workforce employed today. In addition to helping accelerate decartioniedforts, TerraPraxis and

its partners see repowering coal plants with SMRs as an oppotumigintain highpaying jobs

while reducing the investments and efforts required with all new infrastructure. The final product of
TerraPraxis and its partrsawill be an analytics tool that can quickly assess repowering options.
Expected capabilities of the analytics tool include providing design outputs for manufacturing, using
a design configurator to create initial concepts, and assessing the vialalligitdr replacement at a
CPP

Although notspecifically relatd to a C2N transition,.ouie and Pearce (201&pontribute to the

broader conversation on transitioning the coal workforce and ensuring a just transition for coal
communities. They investigate the costs of retraining the current coal workforce for vacant solar
photovoltaic PV) indudry positions. The authors gather information on industry occupations, and the
education, skills, and salary for each occupation in both industries. Using this information, authors
determine the closest equivalent position in the solar PV workforce florceat occupation. Finally,

the authors quantify the expected retraining time and retraining investment. The results of this
analysis show thanhost of thecoal work would be able to transition into vacant solar PV positions
with relatively minor investmdrin retraining required.
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14.

15.

Shawhan (2017andShawhan and Picciano (201%e a detailed power sector mottesimulatethe
impacts of saving unprofitable generators from retirifgaluating variants dd OE 6@ &r i d
Resiliency PricingRulé whi ch woul d qdearganerate everuessifficienntal
remain profitable, the authors of these paperestigate the net effects of preventing coal and
nuclear retirements. Thesultingeffect of preventing the retirement of coal capaistgnegative net
benefit while applying the policy to prevang nuclear retirements produces positive net benefits.

In addition totheresearch and C2N efforts described above, additional international efforts are
underway to promote global C2N transitionFor examp, (1)amemorandum ofinderstanding
(MoU) wasrecentlysigned between a utility in Romania and NuS§AI®IN, 2022b) Facilitated by
U.S. involvement, the Moldutlines a path forward for NuScale to waevkh thethe Nuclearelectrica
to install an SMR at a decommissioned C&mRJ (2)the International Atomic Energy Agency
(IAEA) coordinatesoccasionalvebinars on the topic where researchers present on C2Nivesia
underway within partner natiotBAEA, 2022).
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3. SITING ANALYSIS
3.1 Coal-to-Nuclear Site Evaluations

Many utilities periodically file an integrated resource plan (IRP) detailing their plans fogeeeration
technologydeploymentaging infrastructure, integration of distributed eneegppurces, energy

efficiency, and evolvingtate and federaégulationsIRPs inform rate payers, investorsgulators

policy makers, andther stakeholdergbout the neaand longterm planning fogeneratingand
distributingelectricity to meet anticipated demaf@imitaomu et al., 2022Many current utility IRPs

indicate a move away from cefided electricity generation toward cleaner technol¢gh, 2020Db,

2020c) Some utilities are proposing to retire all cbedd electricity generatiowithin the next 15 years
(Gearino, 2020)As ARs and SMRs are licensed, these technologiksecome available for

consideration by wider variety of utilities and independent power producers to replace retirinfiredal
assets. Because reactor licensing and siting is highly regulated, ORNL developed a GIS tool to assist in
siting analysis known as GRAGE.Basically, the ORSAGE daabase employs multiple GIS layers to
establish evaluation parameters for siting. The parameters can each be assigned an acceptable threshold
value depending on technology and user intefggtical GIS outputs visual,or map basedHowever,

for this studya numerical approach was utilizdde to the number of sites includddhe typicalOR-

SAGE methodologwisualizationsand the numerical approaahe discussed in detail in Appendix A.

The operating and retired cegalant datgUS EIA, n.d.)was retrieved from the DOEIA website for
August 2021. This wathe latest data available at the initiation of the review.

The following subsections discuss the approach that the SA&I study team used to review t6&ADOE

data and identify a candidate set of recently retired coal facilities with an initial foglans in the

Midwest using the OFSAGE tool.The team settled on a site evaluation choice from the Midwest so that
thecase study results would be general in nature and not specific tegaoy or community where there

are active C2N considerations asalissionsThe team identified several Midwest sites for consideration
by the team to be the focus of their economic analykerevaluate recently retired coal plants and
operating plants throughout thinited State®n a regional basig.he siting potion of the study is

intended to evaluate the nationwide C2N backfit potential. Therefore, there is no effort to exclude states
with current restrictions on new nuclear construction.

3.1.1 Initial Review of Recently Retired Coal Facilities

As notedin 1.1, the EIA generator data for August 208E&used for these analyses. As of that time, there
were 841 retired codired generators at 349 sites. This number includes all retired generatotsmy
in theUnited States

Many ofthesefacilities will no longer have the infrastructure that make them attractive for a potential
reactor backfit at the site. Older sites may have been totally remediated and used for other purposes or
sold to anotheuser. In addition, some sites will be owned by entities that are not redpgiion to

nuclear energy. So, an effort was made to limit the retired generator set scope to address these concerns.

All CPPsites that were not owned and operated byliayutr an independent power producer were
removed from the retired data set. Removed sites inclindiedtrial entities that produce their own

energy, college and university energy facilities, and federal energy facilities. These types of facilities are
not considered to be first moveis a power reactor backfit at a form@PPsite. This reduced the retired
CPPdata set to 664 generators at 284 sites.

All remaininguitility and IPPcoaHired generators retired prior to 2012 waisosubsequently remode

from the data set. It was assumed that the associated infrastructure at sites that have been retired for 10
years or more is deteriorated or removed. Likewise, older sites may already be used for an alternative
purposeor theyweresoldor could besoldto another entity. This would make these sites less favorable

for apotential nuclear backfit. This further reduced the ret@@tPdata set to 505 generators at 229 sites.
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At this point, ORSAGE was used to provide a final quick screéthe sitesThe EIA database provides
the latitude and longitude for the center point of €aePsite. The ORSAGE tool was used to evaluate
thedata cell containing theenter point of eac@PPsite using preselecte®R parameter thresholds
Thresholds are based gaidance providetly theNRC (NRC, 2014, 2020) andPRI Rodwell, 2002 as
discussed imppendix A.The site resultfor the centepoint data cellvere tabulated in a spreadsheet
using a binary approach. Individual siting paramettess exceeded the OBAGE AR GIS thresholds
were assigned a value of 1 in the spreadshedandividual parameters that met the €CBAGEAR
thresholdavere assigned a value ofThe individual parameter binary valuesre summed acrosdl the
available GIS layers to producejaick screerCPP site scoréduring this initial screen,teswith a score
of 3 or less were retained for further study, while sites with a score of 4 or more were eliminated from
further evaluatioased on engaering judgment and priapplication of the toolThe score is indicative
of thenumber of siting parameter threshold values providéde ORSAGE tool that are exceedadd
would roughly correspond the degree of difficulty of using any particulatedor siting a reactorThe
initial screerof the EIA databasprovided a final retire€€PPsite data set reduction to 336 generators at
157 sites.

The goalof the final ORSAGE quick screewas to manage the initial set of ClPRationsselected foa
more thoroughanalysisof larger areas around the plant sitBubsequent evaluation revealed that 79% of
the CPP sites with a score of 4 or higimethe quick screewere population limited (500 people per
square mile [ppsm] at 4 miles for Ad¥valuation) Thesewould have eventually been dropped from
further investigation by this factor alone (NRC, 20203.discussed in Sectidhl.3 the remaining 157
sites were evaluated individually across all the @&GE siting factors, including population using a
larger area analysis around the CPP site center viantually,some of these sites weatsojudged to

be Anot ame n almseddn pdpulatioh Bensity. t i n g

The 157retiredCPPsitesselected for further evaluatiamere binned into one of five regional
affiliationsd Midwest, Northeast, Southeast, Southwest, and West. The states included in each region are
shown inTable3-1. By region, the 157 retiredPPsites were broken out as follows:

f Midwesti 60 sites
1 Northeasi 18 sites
f Southeast 50 sites
f Southwesi 13 sites
1 Westi 16 sites

The number in parenthesesTiable3-1 identifies the number of CPP sites wittility or IPP generators
retired in thdast 10 years.
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Table3-1. List of states by region
Midwest Northeast Southeast Southwest West
lllinois (7) Connecticut (1) Alabama (5) Arizona (2) Alaska (0)
Indiana (9) Delaware (0) Arkansas (0) New Mexico (3) | California (4)
lowa (4) Maine (1) Florida (5) Oklahoma (1) Colorado (5)
Kansas (2) Maryland (4) Georgia (5) Texas (7) Hawaii (0)
Michigan (10) Massachusetts (0) | Kentucky (9) T Idaho (0)
Minnesota (5) New Hampshire (0) Louisiana (0) T Montana (2)
Missouri (7) New Jersey (0) Mississippi (1) T Nevada (1)
Nebraska (0) New York (1) North Carolina (7)1 Oregon (1)
North Dakota (1) | Pennsylvania (11) | South Carolina (6) T Utah (1)
Ohio (10) Rhode Island (0) | Tennessee (1) T Washington (0)
South Dakota (0) | Vermont (0) Virginia (5) T Wyoming (2)
Wisconsin (5) T West Virginia (6) | i T

The statistics shown ifiable3-2 summarize the scope of the utility and IPP doald capacity that has
been retired in the last 10 years.

Table3-2. Summary of utility and IP CPP capacity retired in last 10 years.

Region Combined Unit Average
Number | Number of | Generation Capacity| Site Average Capacity
Region of Sites | Generators (GWe) Capacity (MWe) (MWe)
Midwest 60 131 22.3 371.4 170.1
Northeast | 18 32 8.6 475.1 267.2
Southeast | 50 125 24.9 498.0 199.2
Southwest | 13 22 11.6 888.5 525.0
West 16 26 3.0 190.5 117.2
3.1.2 Population Density Analysis

Thenumeroussiting parameters used by €BAGE, including population density, are presented in
Appendix A.However, population density &skey parametahat differentiates AR siting from large
LWR siting. Therefore, some discussion on population density is inclbhdesto clarify thecalculation
used for each reactor type

Power reactor siting in the United States is based on limiting dose to individuals on the site exclusion area
boundary(EAB) and on the boundary of a lepopulation zon€éLPZ) as defined in Title 10 to the Code

of Federal Regulations, Part 100 (10 CFR 100kgre is also welllefined regulatory guidance for siting

an NPPin NRC Regulatory GuideRG)4 . 7, fiGener al Site Suitabilit
Stationso to assist a license applicant to meet the 10 CFR 100 require(h&(@5 2014) Basically, R

4.7 recommends excluding aremserethere is goopulation density greater than 50@smwithin 20

miles. This tends to promote remote siting of reactmdtherebyprovides an adequate marginthe

dose requirements of 10 CFR 1®wever, thiconsevativeguidancds based on current large LWR
technology.

y Cr
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Population densities of greater than Hp3mbegin to transition into urban settgi@ne of the

advantages MR andAR technologies is the ability to replace smaller, aging electric plants located

closer to population centers. Arguments for allowifigs andSMRs to be closer to population centers

typically include a reduced core damage frequelaeyer pressure operatioalimination of largebreak
lossof-coolant accident sequences, smaller source term, reduced early release fraction, reactor vessels
and containment vessels that are located entirely underwater or below grade, and reactor buildings that are
located partiait or totally below grade.

Based on these types of argumerits,NIRC recently bem taking a closer look &R siting. The NRC

staff has prepared SECY -2045 (NRC, 2020) for consideration by #@mmission with some

alternative siting guidance options #Rs based on the Nuclear Energy and Innovation Modernization
Act (NEIMA) definition. The NRC is not proposing any change in the 10 CFR 100 regulations for siting.
Instead, they are looking at providing alternative siting guidembe included in RG 4.The siting

guidance option recommended by NMiRC staff in SECY 260045 aligns thé\R (NEIMA definition)

siting guidance with proposed revisions to the emergency planning requirements and the radiological
conseqguences calculated for desigrecific eventsThe staff has recognized that the LPZ for a given
reactor technology and the reactor EAB may be the same based on dose requirements as associated source
terms diminish with size. Therefore, the staff recommended that if the LPZ remains larger thaB the EA
based on calculated dose from a design basis event or if a design basis event results in an offsite dose
exceeding Yoentgen equivalent mgrem) over the following 30 days, then siting guidance will exclude
areas with greater than 500 ppsm out to tadie equal to twice the distance at which the 1 rem dose
over 30 days is calculated. This will likely be a short distdocARs. The TVA Clinch River

Environmental Site Perm{ESP Applicationhad emergency planning calculations for 2 miles for the site
EAB and for2 milesaround thesite center pointeflecting theanticipatedshort distancéoundary. Under

the same staff option, if there is design basis evehBE dose exceedingrem beyondhe EAB, then

the reactor can be sited right up to the edge of a population center of 25,000 people or more and within
population centers smaller than 25,000 people. Therefore, for SMR and AR siting evaluations, the OR
SAGE population density calculatigmcapped at 4 miles to reflect the opportunity to site advanced
demonstration power reactors much closer to population ceftergtmile value is based on tia/A

Clinch River Environmental Site Permigsued by the NRCThis value is conservative basen SECY
20-0045 recommended guidanéectual population standoff distances will depend on the specific reactor
technology selected.

The cap at 4 miles is based on vendors demonstrating small source terms that meet the 10 CFR 100 dose
requirements at orear thereactor EAB Otherwise, the cap per RG 4.7 guidance is set at 20 miles for

large LWRsPopulation densityalculations are made for each data cell inGiReSAGE databasend
theirimpact on eaclCPPsite can beevaluated. Population density evalaas withina 4-mile radiusand
population density evaluations within a-&0le radius of each data celte demonstrated in this stuagd
discussed in the following sectiodore extensive discussion on these calculations is provided in

Appendix A.



Investigating Benefits and Challenges  of Converting Retiring Coal Plants into Nuclear Plants
12 September 2022

3.1.3 Expanded Review of Recently Retired Coal Facilities

As noted, he centeipoint analysis of the recently retired plants facilitated a reduction in the number of
retiredCPPsites to consider. However, the application of the ©4&GE tool on a singldata celldoes

not provide much discrimination amosies,nor does it provide holistic look at the sites. Therefore, a
more indepthlook at the remaining 15&cently retiredCPPsites was undertaken. For tlsisbsequent
evaluation, ORSAGE was applied to the area around the site center points to evaluate thithémes

0.5 ard 1-mile radii (~500 acres and@O0 acres)Often, a utility will own much of the land within a 6.5
mile radius consequently, thAR siting parameters may not provide much discriminatidrerefore, a
complementaryook is applied to a 1-tile radius teensure that siting parameters such as population
density and land dedicated to public use are adequately reflected in the total site dtnayesiis. no
connection to the establishment of an advanced reactor emergency planning zone (EPZ) to the siting
analysis in this paper. Acceptance of a smaller advanced reactor EPZ by the NRC that differs from current
practice is based accident analysespurce term, and dose. Because such analyses are technology
specific, they are reviewed by the NRC on a dasease basis with respect to selecd®itechnologies,
selected sites, and tBAB controlled by the utility.

Forthe 500acre evaluation, OfSAGE provides a visualization of approximately 208 data cells in the
vicinity of the site center point listed by the EIA data for each CPP that passed the initial center point
screen. The accompanying 2,88€re evaluation provides a visualization of approxétya834 data cells

in the vicinity of the site center pointhe ORSAGE analyses were performed using the base #&R of
siting parameters and the base set of large LWR siting paranidtersase seif parameters for each are
discussed imletailin Appendix Aand are listed ifTable3-3 throughTable3-6. This was done to inform
and facilitate the economic analyses.

For site analysis, the GBAGE tool is typically used to produgalividual visual resuk that can be
evaluated as discussedAppendixA. The generation of individu&isualresults for each CPP siteas

not practical for thistudydue to the number of sites includddherefore, the individual parameters were
weighted regarding how my cells were necessary to flag a given parameter for the sitefanterest

(500 or 2,000 acresThe scoring relative to exceeding the parameter threshold value for each area and
reactor type is discussed belolihe scoring used for this phase of dwaluationis based on an

evaluation of th®©R-SAGE parameteras appliedo thenumber & datacells within0.5-mile radiusor a
1-mile radius of the CPP sitnter pointThe scoring is not the same as the initial screening evaluation
on the CPP site éenterpoints.Engineering judgment and experience with the ®%GE tool was used

to set therip condition valueén the following evaluationfor the numerical evaluation of all thecently
retiredCPP siteshat remained after the initial screening phase.

Thenumerical scoring system setup for this stirdilves aspreadsheet review of each CPP site based

on the number of data cells within the &f¢re or 2,00@cre area that exceeded the AR or LWR
parametethresholds. The data cell count trip threshold was set at 50% of the included data cells for most
of the individual siting parameters. A few parameters used a higher or lower data cell count threshold than
50% as discussed in the tabledow. A binary €ore for that parameter is then assigned for that site. For
example, each of the 208 data cells in a&6@ area is evaluated individually for each of the siting
parameters. If 105 or more cells are tripped for any given parameter set at 50% of tedidptasent,

then that parameter is scored with a value of 1; otherwise, it is scored with a value of 0. The binary score
for each siting parameter is then summed to create a total score for that area at a CPP site. Higher scores
imply more difficulty insiting a reactor at the CPP site. The score was then used to discriminate between
CPP sites and was the basis for conclusions made about reactor siting in the study. Population density
binary values were set at 20 and 0 so that popukititted sites cald be eliminated from further

consideration without regard to the other siting parameters. For large LWRS, site capacity was assigned a
binary value of 10 if the current site capacity is less than 800 MWe. This implied that the existing
infrastructure mayot support a large LWR with a capacity more than 1 GWe. This provided quick
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discrimination of largecapacity CPP sites from smaleapacity sitesOne caveato thenumerical
analysigs that itdoes not provide any insight ¢ime distribution of trippe cells

3.13.1

Advanced Reactor Evaluation Within a 0.5-Mile Radius

The ORSAGEAR site evaluatioparameters were evaluated and scored as shoWabie3-3.
Table3-3. AR 0.5-mile radius evaluation criteria.

Parameter

Trip Conditions

Population density > 500
people per square mile
(ppsm within 4 miles
(NRC, 2020)

Flagged if 550% of the 208 cells exceed the threshold

Tripped flag assigned a score of 20 (all othBrflags assigned a scor
of 1)

Allows sites that are population limited to be readily identified

Safe shutdown earthquake
(SSE)

Flagged if 550% of the 208 cells exceed the threshold

Faults Flagged if 50% of the 208 cells exceed the threshold
Protectedand Flagged if :30% of the 208 cells exceed the threshold
Provides a higher sensitivity to the proximity of protected land
Slope Flagged if 50% of the 208 cells exceed the threshold
Landslide Flagged if 550% of the 208 cells exceed the threshold

Wetlands and open water

Flagged if 60% of the 208 cells exceed the threshold
Provides a lower sensitivity to the proximity of wabecaus€PPsites
typically have numerous ponds-eitein addition to the cooling sourc

Floodplain

Flagged if #40% of the 208 cells exceed the threshold
Provides a higher sensitivity to the proximity of floodplains

Hazardous facilities

Flagged if 550%of the 208 cells exceed the threshold

Sum flag scores

Dismiss sites with a score of 20 or higher (reflects a population det
trip)
Rank remaining sites by score, presence of a dedicated cooling sa
(as opposed to onghrough coolingrom a river or lake), and years
since retirement

The energy hazards and chemical hazards tracked BSATFE identify risks within 5 miles of a site of
interestNRC, 2014) These are not included in the site score because they simply call for a risk
assessment, but they are flagged for further discrimination between sites

1. Energy hazard: flagged if >50% of the 208 cells exceed the threshold
1. Chemical hazard: flagged if >50% of the 208 cells exceed the threshold

3.1.3.2

Advanced Non-Light-Water Reactor Evaluation Within a 1.0-Mile Radius

The ORSAGEAR site evaluatiorparameters were evaluated like the process outlined above except that
the total cell value is 834 cells. There were some differences in the way certain parameters were scored

for the larger areavaluationas noted immable3-4.
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Table3-4. AR1.0-mile radius evaluation criteria.
Parameter Trip Conditions

Population density > 500 | Flagged if #40%of the 834 cells exceed the threshold
ppsm within 4 milegNRC, | Increased sensitivity to population encroachment on the broadér a

2020) possibly from multiple directions
Tripped flag assigned a score of 20 (all othBrflags assigned a scor
of 1)
Allows sites that are population limited to be readily identified
SSE Flagged if 550% of the 834 cells exceed the threshold
Faults Flagged if 50% of the 834 cells exceed the threshold
Protectedand Flagged if 25% of the 834 cells exceed the threshold
Provides a higher sensitivity to the proximity of protected land in th
larger area
Slope Flagged if 50% of the 834 cells exceed the threshold
Landslide Flagged if 550% of the 834 cells exceed the threshold

Wetlands and open water | Flagged if 60% of the 834 cells exceed the threshold
Provides a lower sensitivity to the proximity of water becdliBBsites
typically have numerous ponds-sitein addition to the coolingource

Floodplain Flagged if :30% of the 834 cells exceed the threshold
Provides a higher sensitivity to the proximity of floodplains in large
area

Hazardous facilities Flagged if 550% of the 834 cells exceed the threshold

Sum flag scores Dismiss sitesvith a score of 20 or higher (reflects a population deng
trip)

Rank remaining sites by score, presence of a dedicated cooling sg
(as opposed to onghrough cooling from a river or lake), and years
since retirement

The energy hazards anblemical hazards tracked by €FAGE identify risks within 5 miles of a site of
interest. These are not included in the site score because they simply call for a risk assessment, but they
are flagged for further discrimination between sites. They are gigtightly lower sensitivity for the

larger analysis area

2. Energy hazard: flagged if >60% of the 834 cells exceed the threshold
3. Chemical hazard: flagged if >60% of the 834 cells exceed the threshold
3.1.33 Large Light-Water Reactor Evaluation Within a 0.5-Mile Radius

The ORSAGE large LWRsite evaluatiorparameters were evaluated like the process outlined above for
anAR within a 0.5mile radius. Population density is scored at a higher distance per RISRIC7 2014)

and the need for makeup cooling water to the ultimate heat sink is evaluated. In addition, the capacity of
the retired site is also evaluatddhese diffeences are noted ifable3-5.
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Table3-5. Large LWR 0.5mile radius evaluation criteria.

Parameter

Trip Conditions

Population density > 500
ppsm within 20 milegNRC,
2014)

Flagged if 550%of the 208 cells exceed the threshold

Tripped flag assigned a score of 20 (all othBrflags assigned a scor
of 1)

Allows sites that are population limited to be repdilentified

SSE Flagged if 50% of the 208 cells exceed the threshold
Faults Flagged if 50%of the 208 cells exceed the threshold
Protectedand Flagged if :30% of the 208 cells exceed the threshold
Provides a higher sensitivity to tpeoximity of protected land
Slope Flagged if 50%of the 208 cells exceed the threshold
Landslide Flagged if 50% of the 208 cells exceed the threshold

Wetlands and open water

Flagged if 60% of the 208 cells exceed the threshold
Provides a lower sensiity to the proximity of water becausePPsites
typically have numerous ponds-eitein addition to the cooling sourc

Floodplain

Flagged if #40% of the 208 cells exceed the threshold
Provides a higher sensitivity to the proximity of floodplains

Hazadous facilities

Flagged if 550% of the 208 cells exceed the threshold

Inadequate streamflow

Flagged if :80% of the 208 cells exceed the threshold

Provides a lower sensitivity to the lack of available streamflow

If adequate makeup cooling watemigilable anywhere within a 8.5
mile radius, it can be pumped the additional distance to the new re
site

Site capacity

Flagged if total site capacity is less than 800 megawatts electric (M
Assumes site infrastructure is inadequate to support LAk (>1
gigawatt electrigGWe)

Tripped flag assigned a score of 10 (most other tripped flags assig
score of 1)

Allows sites that are capacity limited to be immediately identified (y
or without a population limitation)

Sum flag scores

Dismiss dies with a score of 10 or higher (reflects limited site capa
Dismiss sites with a score of 20 or higher (reflects a population det
trip)

Rank remaining sites by score, presence of a dedicated cooling sa
(as opposed to ongbrough cooling frona river or lake), and years
since retirement

3.1.34

Large LWR Evaluation Within a 1.0-Mile Radius

The ORSAGE large LWRsite evaluatiorparameters were evaluated like the process outlined above for
ARs within a 1.0mile radius. There were some differences in the way certain parameters were scored for
the largeranalysis area are notedTiable3-6.
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Table3-6. Large LWR 1.0mile radius evaluation criteria.
Parameter Trip Conditions

Population density > 500 | Flagged if #40%of the 834 cells exceed the threshold
ppsm within 20 milegNRC, | Increased sensitivity to population encroachment on the broadér a

2014) possibly from multiple directions
Tripped flag assigned a score of 20 (all othBrflags assigned a scor
of 1)
Allows sites that arpopulation limited to be readily identified
SSE Flagged if 550% of the 834 cells exceed the threshold
Faults Flagged if 50% of the 834 cells exceed the threshold
Protectedand Flagged if 25% of the 834 cells exceed the threshold
Provides a higher sensitivity to the proximity of protected land in th
larger area
Slope Flagged if 50% of the 834 cells exceed the threshold
Landslide Flagged if 550% of the 834 cells exceed the threshold

Wetlards and open water | Flagged if 60% of the 834 cells exceed the threshold
Provides a lower sensitivity to the proximity of water becdliBBsites
typically have numerous ponds-eitein addition to the cooling sourc

Floodplain Flagged if :30% of the 834cells exceed the threshold
Provides a higher sensitivity to the proximity of floodplains in large
area

Hazardous facilities Flagged if 550% of the 834 cells exceed the threshold

Inadequate streamflow Flagged if 0% of the 834 cells exceed tteeshold
Provides a lower sensitivity to the lack of available streamflow

Site capacity Flagged if total site capacity is less than 800/e

Assumes site infrastructure is inadequate to support large LWR (>
GWe

Tripped flag assigned a score of 10 (mubeer tripped flags assigned
score of 1)

Allows sites that are capacity limited to be immediately identified (y
or without a population limitation)
Sum flag scores Dismiss sites with a score of 20 or higher (reflects a population det
trip)

Rankremaining sites by score, presence of a dedicated cooling so
(as opposed to onghrough cooling from a river or lake), and years
since retirement

3.1.3.5 Results of the Retired Plant Analyses

The retired sites were deemed to be amenable to further iratastifor AR siting if they had a score of
5 or lesd. As noted inTable3-3 andTable3-4, 20 points is assigned tetired CPRsitesthat are tripped
by populaton density Therefore, CPBites with a score of 20 or higher stood out as being population
limited based on thsite evaluatiorparametethreshold of proximity of 500 ppsm within 4 miles. After

2 CPP site evaluatiorfer this phas@re based on a numerical review of tripped data cells surrounding the CPP site center
point. Since no visual check of thsite using the typical OISAGE output was applied in this case, therstioreshold was
set at 5 to avoid dropping siteenecessarily. As noted the text, no sites scored higher thaaftdrremoving CPP sites
that were population limite¢teflected by a score of 20 or higher).
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removing the population limited sites from the total inhegegion, no remaining site had a score of more
than 3 and all but one sitbada score of 2 or less. So, population is clearly the discriminating parameter
for backfit of anAR at a retiredCPPR

Summaries of the analyses by region for retC&Psites that may be amenable to sitingdhare

shown inTable3-7 andTable3-8 based on the area analyzed (5002,000acre area). Each table shows

the number of sites evaluated in each region, the number of sites evaluated as amarabiEy (AR
amenablg, the number of sites that remain \&lwvith priority given to sites retired within the last 6

years, and the number of sites that remain viable with consideration given to the presence of a dedicated
cooling source. Dedicated cooling sources can be a mechanical draft cooling system| dratitura

cooling tower, or a dedicated cooling pond or canal system. Because of the high value placed on water
resources, a dedicated cooling source is an important economic factor in the considerationtefra near
reactor backfit at a codired plant sie. Each succeeding table column is relative to the number of units in
the column to its left.

Table3-7. Summary of retired sites evaluated AR backfit within a 0.5mile radius of the plant center.
AR Amenable CPPRetired in Last6 Dedicated Cooling

Region Sites 0.5-mile Years 0.5mile Source
Midwest 60 41 27 13
Northeast 18 15 9 4
Southeast 50 45 17 11
Southwest 13 13 11
West 16 11 3
Total 157 125 67 37

Table3-8. Summary of retired sites evaluated AR backfit within a 1.0mile radius of the plant center.

AR Amenablel.0- CPPRetired in Last 6  Dedicated Cooling
Region Sites mile Years 1.0mile Source
Midwest 60 38 25 13
Northeast 18 14 8 3
Southeast 50 44 17 11
Southwest 13 13 11
West 16 10 2
Total 157 119 63 35

The Midwest and the Southeast have the largest numBd® afmenable sites. For the @hiile radius
evaluation, 80% of the retired sites evaluated are amenahk $ting. This is an exceptional outcome,

and the results are consistent across thenléradius (500 acres) analysis and theri@ radius (2,000
acres) analysis. There is only a lossi@f/AR-amenable sites when the site evaluations are expanded from
500 acres out to 2,000 acres.

As with theAR evaluations, the sites were deemed to be amenable to further investigation for large LWR
siting if they had a score of 5 or legs discussed previouslyitass with a score of 20 or higher stood out

as being population limited based on $iite evaluatio parametethreshold of proximity of 500 ppsm

within 20 miles. In additiorfor the large LWR evaluations, sites with a combined capacity of 800 MWe

or less were assigned a score oh$Ghown imable3-5 andTable3-6. Therefore, CPBites with a
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score of 1015 or 30 or more stood out as beingagity limited (<800 MWe) based on the current
utilization of the site. After removing the population and capacity limited sites from the total in each
region, no remaining site had a score of more than 2. So, population and site capacity are clearly the
discriminating parameters for backfit of a large LWR at a re@Bé

Summaries of the analyses by region for retired-ticad sites that may be amenable to siting a large
LWR are shown imable3-9 and
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Table3-10based on the area analyzed (5002,000acre area). Each table shows the number of sites
evaluated in each region, the number of sites evaluated as amenable to large LWR siting, thefnumber
sites that remain viable with priority given to sites retired within the last 6 years, and the number of sites
that remain viable with consideration given to the presence of a dedicated cooling source. Each
succeeding column is relative to the numbeurafs in the column to its left.

Far fewerCPPsites are amenable to siting a large LWR. This is expected because thareage

population density evaluatidor anLWR is more limiting than thé&R population density evaluatiom
addition, manyCPPsites have total site capacities of less than 800 MWe. The site capacity cutoff value is
arbitrary, but with large LWR capacities typically more than 1 Gi\ve reactor capacity factors typically
higher than th€PP to be replacethis seemed to be a reasbieadiscriminatorin addition,many

single-unit large LWRsstruggle financiallyso thesite capacitycutoff could easily be considered at a

higher valueThere has not been a lot of interest expressed by industry to backfit large LWRs at former
CPPsites and this analysis may point to a core reason why. However, this analysis was undertaken to
support an economic comparison of large LWR ARdackfits.

The Midwest and the Southeast have the largest number of largealoVéRable site©verall for the

0.5-mile radius evaluation, just 22% of the retired sites evaluated are amenable to large LWR siting. The
results are consistent across ther@ite radius analysis and the Intlle radius analysis. There is only a

loss ofthreeLWR-amenablesites wherthe site evaluations are expanded from 500 acres @000

acres.

Table3-9. Summary of retired sites evaluatedddarge LWR backfit within a 0-%nile radius of the
plant center.

LWR Amenalle = CPPRetired in Last 6 Dedicated

Region Sites 0.5-mile Years 0.5mile Cooling Source
Midwest 60 12 8 7
Northeast 18 3 2 2
Southeast 50 11 4 2
Southwest 13 6 3
West 16 1 1

Total 157 35 21 15
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Table3-10. Summary of retired sites evaluated for large LWR backfit within anll®radius of the
plant center.

LWR Amenable CPPRetired in Last Dedicated

Region Sites 1.0-mile 6 Years 1.0mile Cooling Source
Midwest 60 10 7 6
Northeast 18 3 2 2
Southeast 50 11 4 2
Southwest 13 8 6 3
West 16 0 0 0
Total 157 32 19 13

3.1.4  Selection of the Case Study Site

The subsequent focus of the site evaluations was on the seleatigmasfentative sites to form a
compositesite foran economic case from among the 60 retired plant sites in the Midwest region. Based
on the initialAR review described above over th@@-acre area surrounding the site center, 22 sites

were removed from consideration based on population density. This left 38 sites to consider for the case
study(seeTable3-8).

A literature review was conducted for these 38 sites to evaluate any ownership transfers that might limit
future reactor backfits at the sites dightcases, the plant land has been satdl a buyer was actively

being soughin one additional case. A city municipality planned for bridge infrastructure at the site of
another plant. This left 28 plant sites to consider further.

In-depth literature and aerial reviews were conducted on these 28 sites to further characterize their
suitability for backfitting a reactor at the site. The plant infrastructure was demolished, except for a
switchyard afive sites. This probably represents a neutral factor for reactor backfit, but these sites were
removed from further consideration ftseteconomic analysis. The cdiaed plants had been replaced by
gas peaking units #treesites. Since an alternate generation sourceusadat these sites, they were
removed from further consideration. One site had been converted to thesysetomous condensers.

Two sites are in sensitive locatiéngnmediately across the Detroit River from Canada. Two additional
sites include operational cefidled generators with no announced retirement date. These two sites will
ultimately be candidates for aaetor backfit, but they were removed from consideration as the case study
site. This left 15 plant sites to consider further.

Twelve of the sites had excellefR scores (0 using the weighted process described above for the 2,000
acre analysis).

Based on thesk2 sites, the team developed@mpositesite for a proxy to apply theeconomiccase

studies® The compositesitereflects aretired generator arehoperaional generator, each with a
nameplate capacity afpproximately 60MWe, rendering @ompositesite capacity ol,200MWe. The
retired unitrepresents a unit remov&om servicewithin the lastlOyears The operating unitepresents

a unitslated for retirememwithin the coming decadd he totalcompositesite capacity is favorable
because the economic study includes analyses for the backfiddt and the backfit of large LWR.
Therefore, theompositesite wasdevelopedor analysis bemuseeachgenerator could potentially be
replaced by a small&R technologywhile the twogeneratocompositecould potentially be replaced by
a large LWRThe existence of an operating cfiabd generator isonsiderecddvantageous because part
of the focus of the economic analyses is on the active carbon generation that can be eliminated by a

3 The authors are not aware of any actual pfangransitioningthesesites.
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reactor backfitThere was a collaboration withsite ownershipat any of the representative sites to
develop the composite site. Nsrthere any intent by tHeA&I team to infer that any consideration is
currently being given to siting any reactor technology asiteelocations used to build tkemposite,
proxy CPP site.

Thecompositesite is amenable to the siting of AR or a large LWR based on the €BAGE analysis.

There is a dedicated cooling pond to provide plant cooling. The only siting parameter of note is the
abundance of wetlands and open water. Much of this water is associated with various ponds associated
with plant operatioralong with two streams that are near the plant Shere are no nearby chemical or

energy facilities that may pose a fire, missile, or toxic gas risk factor. The concentric circles show the area
within 0.5 and 1.0mile radii of the plantenter (~500 and 2,000 acres). The resulting favorable

composite map is shown Figure3-1. It should be reemphasized that this selection is purely hgpoal

for analysis purposes.

No siting challenges
1 siting challenge

2 siting challenges

3 or more siting challenges

Figure3-1. Case studgite composite map.

3.1.5 Review of Operating Coal Facilities

The EIA generatodata(US EIA, n.d.)for August 202lareused for these analyses. As of that tithere

were 581 operating caoéited generators at 273 sit@he EIA data lists operating cefiled generator

status as operating, standby, or-ofsservice and not expected to return in the next calendar year (2022).
Most generators are listed as opieigain the EIA data. Only 18 generators at 10 sites are not listed as
operating. Among the generators categorized as operating, there is no further capacity factor data
provided.Since there was a limited capacity to review each site individually usin§AIE visual

results, an effort was made to limit the operating generator set scope.

As with the retired plant analyses, @PPsites that were not owned and operated by a utility or an IPP
were removed from the operating data set. Removed sites inchdiesdrial entities that produce their

own energy, college and university energy facilities, and federal energy facilities. These types of facilities
are not considered to be first movers with respect to nuclear backfit at a @RRsite. This reduced ¢h
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retired coaffired data set to 497 generators at 237 sitetuding generators in all operating status
categoriesThe remaining sites were binned into one of five regional affiliadiddsrtheast, Southeast,
Midwest, Southwest, and West as showiiale3-1.

The same spreadsheet analyses were run on the operating plants as that described for the reitired plants
the previous sectiorAs before, the individual parameters were weighted regarding how many cells were
necessary to flag a given parameter for the site area. The summed results were ranked by score and the
presence of a dedicated cooling source (assgbto onc¢hrough cooling from a river or lake). No

effort was made to separate generators with an announced retirement date from those without a retirement
forecast.Table3-11indicates the quantity of generators that are foredastbe removed from service by

region and the latest forecast date included based on the August EIA data. Overall, 32% or just under
onethird of the operating utility ofPP coalfired generators (497 units) are scheduled for retirement by

2044. The average announced retirement date ranges from 2022 (Northeast) to 2033 (Southwest).

Table3-11. CPP generators scheduled fornestient by region

Generators Schedule Percentage of All Latest Year | Retired Capacity
Region for Retirement Generators in the Regio| Scheduled (MWe)
Midwest 70 34% 2039 32,100
Northeast |5 14% 2024 2,620
Southeast | 43 29% 2034 15,533
Southwest | 23 44% 2044 13,576
West 18 31% 2033 7,142

Summaries of the analyses by region for operatingfireal sites that may be amenable to sitinghéh
are shown imable3-12 based on the area analyzed (6@02,000acre area).

Table3-12. Summary of operational sites evaluated for AR backfit withian@il& and 1.0mile radii of
the plant center.

AR Amenable Dedicated AR Amenable Dedicated Cooling
Region = Sites 0.5-mile Cooling Source 1.0-mile Source
Midwest 91 65 32 60 30
Northeast 25 15 12 14 11
Southeast 62 52 38 51 36
Southwest 27 27 21 27 21
West 32 31 28 30 27
Total 237 190 131 182 125

The Midwest and the Southeast have the largest numBdR-ainenable sites. For the éhiile radius
evaluation, 80% of the operating sites evaluated are amenagiRediting. This isanimpressiveoutcome
and is consistent with the results seen for the re@f#sites. The results are consistent across the 0.5
mile radius analysis and the infile radius analysis. There is only a los®ight AR-amenablesites

when the site evaluations are expanded from 500 acres a0 & resOnly two of the 10 sites not
categorized as operable in the EIA data are included as amenABlesiting.

As with theAR evaluations, the operating cdakd sites were deemed amenabléutther investigation
for large LWR siting if they had a score of 5 asde Sites with a score of 20 or higher stood out as being
population limited based on tisée evaluation parametthreshold of proximity of 500 ppsm within 20
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miles. In addition, sites with a score ofi 18 or 30 or more stood out as being capacity dth{800

MWe) based on the current utilization of the site. After removing the population and cdipaitéy

sites from the total in each region, no remaining site had a score of more than 3. So, population and site
capacity are clearly the discriminagiparameters for backfit of a large LWR at an operafiR§site.

Summaries of the analyses by region for opera@iR@sites that may be amenable to siting a large LWR
are shown imable3-13 based on the area analyzed (6@02,000acre area).

Far fewerCPPsites are amenable to siting a large LWR. This is expected because tharneage

population density evaluatidor LWRsis more limiting thanhie AR population density evaluation. In
addition, manyCPPsites have total site capacities of less than 800 MWe. The site capacity cutoff value is
arbitrary, but with large LWR capacities typically more than 1 GWe, this seemed to be a reasonable
discriminator. There has not been a lot of interest expressed by industry to backfit large LWRs at former
CPPsites.

The Midwest and the Southeast have the largest number of largeainVgRable sites. A full 40% afl
operating sites evaluated are amenable to large LWR siting. This is a much larger percentage than that
found for the retired plant sites. This is likely duattvend fodargerCPPsites built over time to meet
electricity demand. Since these assetyaumger, they tend to remain in operation. The results are
consistent across the ile radius analysis and the dnflle radius analysis. There is only a los$auir
LWR-amenablesites when the site evaluations are expanded from 500 acre2¢d@ddacresNone of

the 10 sites categorized as other than operable in the EIA data are included as amenable to large LWR
siting.

Table3-13. Summary of operational sites evaluated for large LWR backfit withimlil&and 1.6mile

radii of the plant center.

Dedicated

Region Sites an\?IleR Amenable 0.5 Cooling &Y(\;I?niﬁmenable [S)ggirizted Cooling
Source

Midwest 91 39 20 36 20

Northeast = 25 5 4 5 4

Southeast 62 29 21 29 21

Southwest = 27 15 12 15 12

West 32 8 8 7 7

Total 237 96 65 92 64

3.2 Site Evaluation Summary

There is some overlap among the retiGRP sits that were analyzed and the opera@RPset.There
were 24 sites that had recently retired generators and operating generators afivessetiiens.Most of
the overlap (11 sites) were in the Midweéltis was a factor idevelopingthe case studyproxy site.

Among the operating codired utility and IPP generators, the opportunity for backfit of alternate energy
sources to replace posted (advertised retirement date) and unposted (no advertised retirement date)
retirements is summarized Trable3-14. Review of currently retired coéired assets shows that these
facilities tend to degrade quickly (demolition, land sale, land reuse, etc.) with respect to the future use of
nuclear. So, the potentifor backfit of advanced nuclear technologie€RPsites would appear to

strongly favor currently operating units. Capacity statistics on plants retired in thé jestrs are

presented in Subsecti@il.3.5
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Table3-14. Summary of operating plant capacity.

Utility/IPP Total | PostedRetirement | Percentagef Capacity | UnpostedRetirement
Region | Capacity (MWe)| Capacity (MWe) to beRetired Capacity(MWe)
Midwest | 85,831 32,100 37% 53,731
Northeast | 14,858 2,620 18% 12,238
Southeast | 79,910 15,533 19% 64,377
Southwest| 28,621 13,576 47% 15,045
West 19,956 7,142 36% 12,814
Total 229,176 70,971 31% 158,205

Another factor favorindpackfit of neartermnuclear technology at operating cdiabd utility and IPP
generators is the existenceanfledicated cooling souro&®mong the operating utility and IPP cdakd

sites, 68% have a dedicated cooling pond, a mechanicatdadifig system, or a natural draft cooling
systemOnly 43% of the recently retired sitevaluatechave a dedicated cooling systeéDperational
Midwesternsites are the least likely to have a dedicated cooling systerejust 48 of 91 sitesvere
identified with a dedicated source through a visual anaWgéstern sites were the most likely to have
dedicated cooling system where 29 of 32 siteee identified Mechanical draft cooling systems were the
most common nationwid@lthough 15 natural draft systems were identified in the Southeast. Of course,
AR technologies that rely on the atmospherthaaultimate heat sink are not limited by cooling water.

Siteswith an ORSAGE layer score d or less were retained for further analygimong these sites, no
operational coafired siteshad a layer score of more tharChatfired dtes with an ORSAGE layer
score of 0 should provide the easiest casedokfit of a nuclear planh summary of thel12 siteswith
an ORSAGE score of Jand an additional 54 sites with an (JRGE score of lis presented in the
following tablesby region The presence of a dedicated cooling source is not reflectbd tables.

Thirty-six midwestern states with sites that have nec ®%GE layers flaggedreidentified inTable3-15.
All 12 states in the region are represented. Eighteen additional sites had-@#&3BHayer flagged and
six sites hadwo OR-SAGE layers flaggedwo in Illinois andfour in Ohio).
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Table3-15. Midwestern states witlew OR-SAGE layers flagged.

Sites with OR Capacity Range Sites with OR Capacity Range

State SAGE Score of 0 (MWe) SAGE Score ofl (MWe)
lowa 2 725.91 811.9 3 212.01 1280.0
lllinois 3 681.71 1319.0 2 544.01 1099.8
Indiana 8 368.91 2600.0 2 530.47 3339.5
Kansas 2 348.71 2160.0 1 1598.9
Michigan 4 70.01 1547.0 1 1560.8
Minnesota 3 252.01 2469.3 0 -
Missouri 3 1099.41 1725.0 3 1242.0f 2389.4
North Dakota | 5 450.01 1209.6 0 -
Nebraska 2 228.71 1389.6 3 109.8i 1362.6
Ohio 2 1086.5i 2600.0 0 -
South Dakota | 1 450.0 0 -
Wisconsin 1 12400 3 387.01 1402.6
Total 36 18

OR-SAGE score relates to the number of site parameters that exceeded the threshold in the basic AR evaluation. Sit
parameters are identified 8ection3.1andare furtheriscussed im\ppendixA.

There aresix Northeastern states with sites that have neSNGE layers flagged identified in

Table3-16. Onlyfour of the 11 states in the region are represented. Eight additional sites in Pennsylvania

had one ORSAGE layer flaggedand no sites hailvo OR-SAGE layers flagged.
Table3-16. Northeastern states witbw OR-SAGE layers flagged.

Sites with OR Capacity Range| Sites with OR Capacity Range
State SAGE Score of 0 (MWe) SAGE Score of 1 (MWe)
Delaware 1 445.5 0 -
Maryland 2 495.01 1252.0 |0 -
New Hampshire | 1 100.0 0 -
Pennsylvania 2 94.01 1775.1 8 36.01 2012.0
Total 6 8

OR-SAGE score relates to the number of site parameters that exceeded the threshold in the basic AR evaluation. Site parameters

are identified irSection3.1 andare furthediscussed i\ppendixA.

There are 2&outheastern states with sites that have neSBRE layers flagged identified in

Table3-17. Eleven of the 12 states in the region are represented at this level. Nineteen additional sites had

one ORSAGE layer flaggedandfive sites hadwo OR-SAGE layers flaggedfieeach in Florida, North
Carolina, Tennessee, Virginia, and West Virginia).
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Table3-17. Southeastern states witw OR-SAGE layers flagged.

Sites with OR Capacity Range Sites with OR Capacity Range

State SAGE Score of 0 (MWe) SAGE Score of 1 (MWe)
Alabama 2 952.02822.0 1 1390.5
Arkansas 2 558.0 609.0 3 720.0i 1800.0
Florida 2 1429.22442.7 1 192.9
Georgia 3 1904.0 3564.0 0 -
Kentucky 5 509.4 2225.9 5 344.01 1608.5
Louisiana 4 558.01276.9 0 -
Mississippi 2 513.71096.6 0 -
North Carolina | 2 2119.02491.2 2 763.2i 1530.5
South Carolina | 1 771.8 2 1260.0i 2390.1
Tennessee 2 950.0 2600.0 1 1255.2
Virginia 1 848.0 0 -
West Virginia | 0 - 4 95.71 1662.4
Total 26 19

OR-SAGE score relates to the number of site parameters that exceeded the threshold in the basic AR evaluation. Site parameters

are identified irSection3.1 andare furthediscussed i\ppendixA.

There are 23 southwestern states with sites that have f®AGIE layers flagged identified in
Table3-18. All four states in the region are represented. Four additional sites had eéBA@RIayer
flagged and no sites hasto OR-SAGE layers flagged.

Table3-18. Southwestern states witw OR-SAGE layers flagged.

Sites with OR Capacity Range Sites with OR Capacity Range
State SAGE Score of 0 (MWe) SAGE Score of 1 (MWe)
Arizona 2 204.01765.8 2 821.81 1128.8
New Mexico |1 1848.0 1 2269.6
Oklahoma 6 350.01138.0 0 -
Texas 14 349.23736.8 1 1080.0
Total 23 4

OR-SAGE score relates to the number of site parameters that exceeded the threshold in the basic AR evaluation. Sit
parameters are identified 8ection3.1andare furtherdiscussed i\ppendixA.

There are 2Western states with sites that have no®&GE layers flagged identified ihable3-19.
Only severof the 11 states in the region are represented. Five additional sites had-@#¢3BRayer
flagged andfour sites hadwo OR-SAGE layers flaggedfeeach in Colorado, Nevada,abt, and

Washington).
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Table3-19. Western states witlew OR-SAGE layers flagged

Sites with OR Capacity Range| Sites with OR Capacity Range
State SAGE Score of 0 (MWe) SAGE Score of 1 (MWe)
Alaska 3 10.390.0 0 -
Colorado 4 207.01635.3 1 1427.6
Hawaii 1 203.0 0 -
Montana 2 46.11115.7 0 -
Nevada 1 567.0 0 -
Utah 3 58.11 1577.2 1 1640.0
Wyoming 7 95.02441.9 3 90.0'448.0
Total 21 5

OR-SAGE score relates to the number of site parameters that exceeded the threshold in the basic AR evaluatic
parameters are identified 8ection3.1andare furtherdiscussed iippendixA.

A full 80% of the 37Hoperational and retired sites evaluated are amenallR siting. This representa
263.3 GWecapacity potential foreactor backfitat evaluated CPP sitéBhis exceptional outcome
provides plenty of opportunity to consid&R backfits at existing codired plants. However, plans need

to be incorporated into IRPs because ad hoc literature reviews show that retired plants aréyfrequent

remediated or sold within 10 years, which represents a lost nuclear opportunity.

4 Twenty-four evaluated sites had at least one retired generator and at least one operating generator. The sum of retired sites and

operational sites is adjusted for this overlap.
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4. TECHNO-ECONOMIC ANALYSIS OF C2N PROJECTS

This section of the report discusses the technical compatibility betdleBand nuclear reactor
technologies. It informs on decisiahivers to consider different types of C2N projects. These drivers are
useful for considering potential reuse of CPP comepts visa-vis compatibilitywith different reactor
technologies.

As discussed in several publicatidBsrtela etl., 2021; ScottMadden, 202NPPs and CPPs share

some important commonalities that bring potential for component reuse with corresponding capital costs
and risks reduction. First, NPPs and CPPs are typically-fzgegeneratorsequiring a nontri\al

overall physical site footprint and grid connection of significant <LBPs and most NPPs rely on

heating water to generate steam for power conversion cycles through coal combustion (for CPPs) and
nuclear heating (for NPPs), to operate turbomachinhékeg. all power plants, they need to evacuate waste
heat, to transform and transmit electricity to the grid.

After considering the list of components that may be compatible between different CPP and NPP
technologies in Sectioh. 1, several main types of C2N projeet® defineds discussed i@riffith
(2021)

The potential reuse of CPP sites as locations for cereemuclear power generation
reveal a spectrum of potential options. There could be a variety of replacement
options, from replacing only the heaiusce to replacing the entire plant. Three

options are often discussed when consideri@@ M transition (1) Reusing the

electrical switchyard and grid connection (2) Direct connection and reuse of the steam
system or (3) Indirect connection and reuse of the steam system.

Then in Sectiod.2, characterization of different types of C2N projeatsdiscussed. Based on these
different C2N projects defined in our study, a costing project timelinenodel isdevelopedThe
potential for redudébn in OCCand several project timeline measui@sdifferent C2N projectare
discussedFinally, Sectiort.3 presents an agebfised approach assess the decisiahivers of different
types of C2N projects.

4.1 C2N Technology Compatibility

The objective of this section is to provide a mapping of different CPP and NPP technologies and to
discuss how different components from the CPP could be r@usddture NPP. This study builds upon
previous reports 082N technology discussed in Sectidnwith the objective to inform on the
compatibility between different CPP and NPP technologiks.compatibility mapping and costirgy
used inlatersectiors to build out project planning ashan economic model.

4.1.1 Introduction to Different CPP and NPP Technologies and Characteristics

Many differentAR concepts are under development inlthnited Statesind could be considered for this
study. In this report, the types of NPPs considered arestiniiiconceptswith a high technology

readiness level, and which are planned or proposed for relativelyemeadeployments in the United
Statesas described iiable4-1. This report considers several general reactor types to inform on paths
toward C2N.The next step would e consider specific technologies under development by industry
this approachvould provide better resolution for a speci@i@N project but should be completed by a
nuclear vendqgrsuch as those proposed by TerraPoiierraPower, 2022bKairos PowefBartela et al.,
2021) and NuScaléNuScale, 2021)This study provides more general compatibility discussion that
could be applied to different CPP and NPP technologies and will therefore rely on generic coghdata
larger associatedncertainty.
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Table4-1. Description of various NPP concepts.

SFR +Thermal Energy Storag
NPPTechnology | Large PWR Small PWR (TES VHTR
Example reactor AP1000 NuScale Natrium Xe-100
Electric power 1117MW 3080r 924 MW 345 MWe (nominal) 80 MW
level (4 or 12packs) Up to 500 MWe

Among all the CPP in thenited Statesthere are many different characteristics that may impact a C2N
project, making specific CPPs better candidates than offedske4-2 summarizes the main CPP
characteristics that would impact compatibility with specific NPP technology. Compatibility in terms of
siting was discussed in Section 3.

Table4-2. CPP characteristics to consider for a C2N project.

Characteristics Range/options Reason
Compatibility with site and electric components
Site power 10 MWi 3737 MW Impacts the size of the total nuclear power

generation withoutipgrading transmission ling
and of the amount of waste heat to release ta
environment

Age of the CPP and | New to old and already Impacts the level of cleanup required

environmental retired

conditions

Compatibility with stearrcyclecomponents
Coal steancycle Subcritical Gub Impacts potential for reutilizing steaaycle
Supercritical (SC) components
Ultra-supercritical (USC)

Unit power <1.4GW Impacts the size of each nuclear power
generator if we want to keep turgenerator
components

Compatibility with heassink components
Cooling circuit Mechanical draft cooling | Impacts whether nuclear unit will be readily
systems able to reuse the hesink components, needs
Dry cooling build new one, oneeds to use adooling

Natural draft cooling tower| technology

The following sections describe in more details the components from the CPP that could theoretically be
reused in the NPP. They are categorized based on categories listed in the code of account (COA)
identification systm (EMWG, 2007) The potential value of reusing such componandsscussed

afterward in Sectiod.2

4.1.2 Reusing CPP Site, Office Buildings, and Electric Components

C2N projects can at a minimum reuse the land within the CPP boundaries, its connection to the grid, and
its office buildings. This section provides a rexhaustive list of components and facilities from CPP
that could theoretically be reused in C2N prtgetogether with identified limitations.

The following list of siting and building elements common to both CPP and NPP installations was
developed based on the Energy Economic Data Base (EEDB, #888)cost element is shown, here and
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in subsequent lis, with its A identifier in parentheseand can be used to reproduce the analysis
performed

Land and land rights COA identifier: (20)
Yard work (211)

Administration and service building (218B)
Electric switchyard buildings2(L8I)
Transportation and lift equipment (251)

Air and water steam service system (252)

=A =4 =4 =4 -4 -4 -4

Communication equipment (253)
f Furnishingplusfixtures (254).

Ot her components that are not |isted within the
Advanced Fel Cyclei Cost Basis Repof(Dixon et al., 2017and that would account for up to 10% of
the OCC, are:

1 Substation, transmission facilities, generator-sigpransformerswitchyard equipmen#s stated in
Griffith (2021), p. 12, fi[t]he value of the original CPP switchyard would reach millions of dollars.
The cost/mile of transmission lines can exceed $3M/mile and require multiple years of approval and
construction. o

1 Roads and ancillary buildings (e.g.i si t or 6 s c endpakkingslats) caf et er i as,

Reusing electric components from CPP site will typically require the total power of the new NPPs to be
the same or less power than the existing CPPs. For instance, some of these commadamts be

reusedf an AP1000were to be sited aformer CPPsite which was meant for <100@W without

transmission upgrades. However, we could replaceC&iof 500MW with 1 to 5 Xe100unitsand

reutilize most of the electrical components. Common CPP and NPP electrical plant components (24) that
are listed in th&EDB database include switchgear (241), switchboards (243), protective equipment
(244), electric structure and wiring containers (245), power and control wiring (246).

For reactors that depend on active systems for reactor safety, class 1E electriccodsnpany be

required, prompting upgrade of some components, in particular within accounts (241, 242, 243, 245,
and246)(Holcomb et al., 2011 However, none of th&Rs under consideration in this studyabple4-1)
would likely require such 1E components as/thk rely on passive safety.

4.1.3 Reusing CPP Heat-Sink Components

Both NPPs and CPPs requé@me type ofiltimate heat sink typicallyia access to a cold source of water

to dump the excess heat from the power conversion cycle. Reusing those wouletikegreapproval

and permitting but would provide significant value to a C2N project. Access to water supply and permits
is one of the main benefits of C2N projects, especially for Western states applications.

For C2N projects wheranupcoming NPP has dérent power or thermal efficiency than the CPP on site,
the wastéheatremoval capacity of the siteeeds to be assessdthis is what is used to dimension the
heatsink components and water supply authorization. For instanc&V#elCPP site whenenits have
thermal efficiency of 45% would dump about GRV of heat to the environment. If replaced by a PWR
with 33% thermal efficiency, the amount of heat that needs to be evacuated woul@Wé which

would likely be incompatible or require componapgrades and new permits.

Different ultimate heasink technology exists, such as natural draft cooling towers, mechanical draft
coolingsystemsand dry cooling. NPPs typically use natural draft cooling towers that areexypeasive
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but provide bettesystem efficiency (no power required to operate them). Some modern NPP designs
consider using aicooling technologies (e.g., NuScale). CPPs typically use mechanical draft cooling or

direct cooling through dedicated channels. Still, the cooling througbaded lake or rivers could be
theoretically reused by NPP, avoiding some new investment costs but also resulting in reduced system
efficiency. Some older heatnk systems used in remaining CPPs may not be usable moving forward due
tochangesinregulatiors and requirements of
e nvi r on me(Giffithj 2021)aSed afso thEederalRegister (2022Jhe main heasink structures
and mechanical equipment for the heat rejection for main condenser heat rejection system are listed under

COA (26).

4.1.4 Reusing CPP Steam-Cycle Components

Reusing some of the CPP steaytle system components would provide both the largest challenge and
opportunity for reduing OCC of the NPP. Here is a list of stearycle equipment listed in the EEDB that

use of fibest

couldpotentially be reused in a C2N projeteirtbine room heater baf¢de of Accounts identifie213)

andturbine plant equipment (23) that include turbine generator (231), condensing systems (233), feed

heating system (234), other turbine plant equipmer)(281d miscellaneous items (237). Hmam
generator is included in (222) for the NPP and (221) for the CPP.

Major compatibility and licensing challenges exist in reusing some of these components, and the decision
of reusing components technologyspedfic and sitedependent (depending on the estimated value
remaining from the aged CPP steaytle component), as further discusse{Qrniffith, 2021).
Technologyspecific compatibility is based on the steaytle types used in the CPP and NPP, as
described inrable4-3.

Table4-3. Typical CPP and NPP steasyicle characteristics.

Power plant Steamcycle type Pressure (MPa) Temperature°C)
CPP Subcritical Sub 16.5 538
CPP Supercritical (SC) 22 600
CPP Ultra-supercritical (USC) 32 610
NPPi PWR Subcritical Sub 8 290
NPPi SFR Subcritical Sub 15 500
NPPi VHTR SCto USC 1520 650

For PWRs, the steagycle components armlikely to be reused because of the vastly different pressure
and temperature operating conditions. This is especially true for turbine components, which require

precise matching of steam characteristics (pressure, temperature, and flow). Other coropaolukesitid
theoretically be reused, since LWR operating conditions would not exceed their power and temperature

specifications. It should be noted that CPPs operate at high temperature and pressure to achieve high

thermalefficiency, while water usage psimary coolant of a PWR limits the temperature achievable.

For AR technologies such as SFR or VHTR, much higher operating temperatures are madeugossible

liquid metal or gas primary coolant, potentially enabling the reuse of some of these&gtEam
components. Here are the main components that would be involved: steam generator (SG), secondary
pumps, turbine, generator, condenser, heaters, feedwater, and deaerator. For efficient reuse of all these
components, the pressure/temperature operatirgjtcors of the NPP cannot significantly differ from
the original CPP conditions. CPPs using supercritle@),(or ultrasupercritical USC) operations are not
typical for nuclear reactors because SGs would need to withstand high pressure. Therenaia tases

to consider:

tech
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1 Direct coupling where the nuclear primary circuit is directly connected to the steam cycle through the
SG. The SG would generally need to be replaced because it will be the reactor coolant pressure
boundary and thus would need todamlified as a nuclear safety component. Griffith concluded in
regardot he prospect of directly c¢onne bighitempgeratdre TR cor
gas reactorTGR) to replace combustion processes in a CPP boiler will require significanges
t o t he b dGriffith,2021). &wen thongh unlikely, such a scenario will not be disregarded in
this report. Tl stearrhandling system and turbine may still be reused in a direct coupling if the
steam characteristics of the NPP lgéte those from the CPP. However, reusing some of the steam
cycle components will lead to unknown licensing requirements if these cemisgplay a role in the
safety of the reactor. This will need to be assessed on-dg&sese basis.

1 Indirect coupling where the nuclear primary circuit is separated from the steam cycle through an
intermediate circuit such as TE8ke T e r r a P o wemrcdnseptiNIla this case, the steaycle
components may not need to be qualified as nuclear safety component, which may allow use of
existing noAnuclear stamped SGs and steeyule components for aBulh SC, andUSC. As
discussed irfGriffith, 2021), i [ agmpenatuige heactor and heat storage system could enable
reuse of the existing higbressure secondary plant. Separadf nuclear and coalrelated equipment
may also help in terms of licensing and desigtions. ] Such a di sconnect <coul
simpler licensing analysis for the nuclear reactor, which could simplify licensing. A heat storage
system couldbe used to separate the new safahd nuclearelated systems from the legacy steam
systemofthepre x i st i ng CPP. 0-cySexypes mayfnot betawilasle depending on
the pressure and temperature conditions allowed by the NPP and TESagiesno

The mainpointsthat would need to be considered with a full redesign analysis (beyond the scope of this
report)arethe potential cost opportunities and thermfficiency penalties of reusing CPP steeyale
systems vs. components optimized fog NPP operating conditions. Bartela et al. (2021}he authors

went through the exercise applying ofFHR concept (from Kairos Power) to an existing GBe),
demonstrating that maintaining the thermal efficiency was feasible through careful reuse of #s steam
cycle components and connection throUgs.

415 Conclusions on Main C2N Projects

Based on this discussiooptionsfocusing orfour main types of C2Nprojectsaredescribed below.
Those project types referenced as C28#frovide different potential for reusing different types of
components and different project structure

1 Greenfield: This is atie greenfield NPP construction without any relatioartpexisting CPPNo
CPP decommissioning costs are incurtid only costs and schedule are directly due to the NPP
construction project

1 C2N#O0: Greefield construction oNPPas a replacement tmexisting CPPThe NPP could be
completed near or far fromdecommissioned CPP, but in this ¢itse assumed that no site
components are reusdd.the context of this study, the linkage between the CPP and NPP is largely
organizational rather than material or financial: the closure of the CPP motivatesshection of
the NPP, but no infrastructure or resources are shared betweenrthieiscase, the owner must pay
to decommission th€PPin addition to the nuclear construction co#tshould be noted that a
C2N#0 project where a new NPP is broughiire close to decommissioned CPP may still bring
benefits such as reuse of water rights, nearby transmission lines, and site workforce. However, the
C2N#0 project cost estimates described in Sedtiddo not consider any of these potential cost
savings.

1 C2N#1: Reuse of site, electrical and hgiak components only. This is the type of C2N projects that
would be used for LWR technology, or by any reactors that would replace one or several CPPs of
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differentsizes andvould not reuse any of the steanycle components. This C2N#1 project will be
applied to a PWR technology moving forward in the study.

1 C2N#2 and C2N#3 both consider reuse of stegole components, in addition to all the components
reused in C2N#1. This is only possible if NPP units are ra@aCPP units of similar power size and
pressurdemperature operating regime. The differexrineC2N#2 and C2N#3 projects are the
following:

- C2N#2 considers direct reuse of steaygle components, where the primary coolant of the
reactor directly exchangé®at to the original CPP steamyicle. An HTGR reactor technology
could be applied for such transition asdised as an example technology for C2N#2 project
moving forward in the study.

- C2N#3 considers indirect reuse also of stegaie components, whetle primary coolant of the
reactor transfers heat to an intermediate circuit that is coupled with the CPRegtbanT his
strategy enables separating the nuclear operation to theuctear steareycle operation. An
SFR technology that would uS&Sasbuffer between primary circuit and steaycle (Natrium
type)is used as an example technology for C2N#3 project moving forward in the study.

A mapping between C2N types of projects based on some CPP and NPP technologies is proposed in
Table4-4. Many combinations could be considered anduafice the type of C2N project considered as
summarized inthistabl& he A NPPO ¢ ol u mn -typescategorigsaatherthancidentifgimgc t o r
specific reactor concepts, as many different individual designs could fill the general role indicate by eac
type ofcategory.
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Table4-4. C2N project types considered for various scenarios.
Proposed C2N types
(all could also use C2N#0 @
Scenario description CPP NPP C2N#1 if not specified)
Any type PWR C2N#1
Sub SFR C2N#2 (or C2N#1)
1 NPP replaces CPP unit SCor USC SFR C2N#1
(same or smaller size in terms
of electrical power capacity an Any type VHTR C2N#2 (or C2N#1)
waste heat removal) Sub SFR+TES C2N#3 (or C2N#1)
SC orusC SFR+TES C2N#1
Any type VHTR+TES C2N#3 (or C2N#1)
1 NPP replaces 1 CPP unit C2N#0 (or modified C2N#1
(NPPhaslarger elec. o )

) . requiring upgrade in
Generatiorcapacity and waste| Any Any transmission and botentiall
heat generation than original in heatsink ca aciE[) ) Y
CPP uni} pacity
1 NPP replaces 1 CPP unit C2N#1 (or C2N#2/3
(NPPhassmaller elec. A

: . depending on technology,
generatiorcapacity and waste | Any Any : .

. g with potential needs for
heat generation than original upgrades)
CPP uni) P9
1 large NPP replaces >12
smaler coatfired units smaller . A
collocated on same CPP Any type Any type C2N#1 or potentially C2N#3
(similar total power capacity)

One further aspect of technoloegyatching is the capacity of the nuclear reactor relative to the capacity of
the CPPit replaces The reactor capacity involves the electrical power level, which affects compatibility

of turbomachinery, electrical systenasid transmission but also waste heat removal capakiitis vary
considerably in size, from a felds of megawatts to over a gigaw#Rs propose a variety of nameplate
capacities, but each reactor (or modtyg@jcally has a predetermined nameplatpagity determined by

the licensed desigherefore, there likely will not be a perfect match between coal capacity and levels of
nuclear capacity. The different C2N types of projects may provide some flexibility to enable
compatibility with limited infragructure upgrades.

Another important aspect in this discussion is the need to use an NPP that will be economically viable in
the current market, which will likely involve different power level and flexibility requirements. Even

t hough t he CIeénhthe grid ardNnRoBtlg fer baseload operation, a CPP typically operates at
lower capacity factor to better match changing demand on the grid, and such a role may be better filled by
a smaller NPP associated with TES. These aspects of market compatibtibnsidered in the analysis
performed in SectioA.3.

Thecase study siteonsidered in this studyonsists of tw&00MWe units for a combirgsite nameplate
capacity ofl,200MWe. For thescope of theurrent studythe modeled market was projected to
experiencdow electricity demand growtland extant heatink infrastructure of the site is sized to match
this 1,200MWe capacity. Thereforén the context of this studglightly smaller reactors were chosen
over larger onege.g.,the AR1000 to account for the fact that PWRs have smaller thermal efficiency
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than CPPs, requiring highkeatsink capacity per installedlectrical power capacity, as discussed in
Section4.1.3 However, this study should not be construed as excluding the usefmgessmpatibility
of such larger reactors for C2N conversion projetie 12-module NuScale plaiRWR concepis
considered with a total nameplate capacity of 924 MWe, and wehehenodule provides 77 MWe of
nameplate capacity. Likewise, consider the Natrium reactor alitiiseload nameplate capacity of 345
MWe that can ramp up to 50@We consideringlES. Therefore, in addition to choosing a technology
and a C2N project type, the owner must decide how much capacity to install with the new project.

For most of the cost éstates developed below, the specific capacity of the reactor replaciGdgie
not important. However, for distributing a few fixed costs on akpgébasis, some assumptions were
needed. The capacities used for the three reactor types are as shabieAs.

For the C2N#1 and C2N#3 projects, it is assumed that both unitscatsthstudgite are replaced by
either a PWR (924 MWesame powerating as 12nodule NuScaleor two SFRs (200 MWe total). For
the C2N#2 project, the thermal output of the reactor must match the thermal outputBFtlas the
reactoris coupled directly to the prexistingsteam equipment. Therefore, C2N#2 projasiumeshe
compositesite with a scaledlown capacity of 1035 MWe, to match the 1035 MWe capacity of the
example HTGR.

Table4-5. Relative capacities of CPPs and replacement NPPs

NPP Nameplate uacity | Amount of Coal Capacity Replace
Reactor Type (MWe) (MWe)
Example PWR 924 1200(both units)
Example SFR 2x500 1200(both units)
Example VHTR 1035 1035 *

* In this study, the VHTR is paired with the C2N#2 project, in which the reactor couples directly to the coal steam equipment
of one CPP unit. Since no VHTR candidate from open literature would approximately match the power leveaséone
studyunit (potentially required under C2N#2i, wasdecided to apply it im C2N#2 type of project to an unassigned CPP
site.

4.2 Characterization of C2N Projects Costs and Timeline

In this work, different types of C2N projects are considered. All involve the (eventual) closure of a CPP,
and the construction and commissioning of a new NPP to replace the lost capacity. However, the costs,
schedules, and economic characteristics oftlpesjects vary widely, according to their differing

purposes and technologies represented. The work in this section attempts to estimate and quantify how
these different project types differ in terms of timelines and costing, which is required for rg@c&lin
projects in Sectiod.3and understanding decisialnivers.

The assumptions used to estimate variations in timeline and costing of di@&hmirojects are

summarized in this section, especiallylable4-9 andTable4-10. Additional details and discussion are

provided inAppendix C Those discussions are kept in the Appei@iigr brevity purposes, but they are
especially important for the reader to understand the underlying assosnpgied and the significant

amount of uncertainty associated with these data. To account for such uncertainty, the results of the
estimation process are provided foocasea fAbaselineo

4.2.1 C2N Projects Timeline

To understandn better detail and model these C2N projects, the sequence of project activities was broken
out in Appendix C. The project activity flow sequences were developed for each C2N project to
determine their associated timeline and requirements. The timelioleés preapplication activities,

CPP Decommissioning and Demolition (D&D), C2&lated regulatory activity, NPP safety and-nhon
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safety components construction. Details about how activity duration estimates were developed are given
in theAppendix C, Sectio-2.

Table4-8 summarzes the estimated activity durations for each majorastility in the project types

describedThe first three data columns ©able4-8 show usefusummary information about each

project. The ATot al NPPO column indicates the dur
related to any C2N activities. The Atotal critica
all project activities, measured as the longest possible path through the project activity directed graph.

The ARequired revenue gapo column shows the requi

operating income from either the CPP or the NPP. Timatibn is determined largely by how early the

CPPneeds to be retiret perform refurbishment and regulatory activities.

For instance, the revenue gap of C2N#0 projects (greenfield) can be zero when the CPP is retired upon
commissioning of the NPP, whithe revenue gdp estimated as 2 to 9 years in other C2N projects

where the CPP needs to be closed prior to some NPP construction activities. The C2N#3 type of project is
especially interesting in this regard: the revenue gap is significantly redueedcampared to the

C2N#2 project, since introduction of the TES means that most of the reused coal equipment falls outside
of t he i s(@riffign,t2921).TEsredwes the cost and time to analyze, refurbish, and receive

NRC approval for these componeatslmeans that coal component refurbishment and licensing is no

longer a prerequisite to receipt of the license.

4.2.2 C2N Projects Costing Estimation

For the different C2N project types considered in this report, one needs to determine the following
components tthe C2N projects. The following is a list of cost models that will affect the deployment
perspective of a C2N projects. Only the ones highlighted are further discugggabimdix C

1 OcCcC
- Reduction coming from site and components reutilizatitris is he focus of estimate in
Appendix C
- Increase from refurbishment costs of CPP reused components
Increase costs from site decontamination and D&D, as discussed in Appendix C

1 Increased in fixed and variable operation and maintenance (FOM and VOM), discu&ppérnidix
C SectionC-2, due to more frequent refurbishment of reused CPP components

1 Potential reduction in system efficiency, leading to incre@€@€ and operating cogghis is due to
reusing components that are potentially less optimized for NPP operating conditionscigtaor
heatsink components)

1 Financing costs:

- Reduced financing costs if associated with reduced project risk and caosttine as
discussed in Sectioh2and Appendix C

- Transfer of the legacy debt of the CPP to the NPP
1 Increase or decrease project construction timdiscussed in Sectidm2

The summary breakout of cost estimates for the various C2N project alternatives is shatble4r.

The variations in OCC and O&M costs observeddaiN projects are due to different costs assumed for

the reactor technologies considered for each C2N types of projects, and those are consifiemngth

al. (2017) It shoud be noted that this estimated OCC is much smaller than the value found for some
existing NPP construction projects (such as the Vogtle power plant). This is because the OCC estimate in
Dixon et al. (2017assumes wellnanaged construction projects without costs overrun due to design
changes throughout constructi@ixon et al., 202Q)As mentioned previously, the example reactor types
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shown were selected from a variety of possible scenanistzould not be taken as definitive or as
excluding alternatives. These technology types were chosen and matched with the given C2N project
types for modeling purposes to allow more specific estimation of costs while still enabling an informative
spread bpossible project characteristics.

The approach used to estimate potential NPP construction savings from C2N projects was obtained by
analyzing breakdown in OCC for various types of CPPs and NPPs from the EEDB Program from 1979
(EEDB, 1988) The NPP construction OCC savings estimated for several C2N projects are summarized in
Table4-6 with detailed assumptions discussed in Appendix C
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Table4-6. Summary of upper bound NRBnstruction OCC savings associated to several C2N scenarios
Example of nuclear Min/Max reusing
Reference| technologies PWR SFR VHTR range in C2N
Components of OCC (grefeld construction) projects
Estimate | Initial fuels inventory 7% s 11% s 6% s 0% 0%
CBR Other costsA(transmlssmn, 10% 10% 10% 100% | 100%
owner od6s, et c|
EEDB, 20 | Land and land rights 0.3% 0.2% 0.3% 100% | 100%
EEDB, 21 | Structure and improvementy 15% 12% 10% 0% 24%
EEDB, 22 | Reactor plant equipment 18% s |29% s 30% s 0% 1%
EEDB, 23 | Turbine plant equipment 15%s | 10% 14% s 0% 99%
EEDB, 24 | Electric plant equipment 5% 4% 5% 42% 78%
Miscellaneous plant o 0 0
EEDB, 25 equipment 2% 1% 1% 6% 91%
Main condenser and heat | ,, 0 0
EEDB, 26 rejection system 3% s 2% 2%'s 0% 100%
EEDB, 9 | Totalindirect costs 25% 21% 21% 16% 39%
CBR $2020i OCC for greefield,
$/kWe 4572 4912 5857
Savings on OCC from
CoNEO C2N#1 | C2N#3 | C2N#2
Baseline estimate
(reject reuse of components of CPP that cost 30% less than ir
NPP)
. $2020i OCC forC2N,
Estimate | ¢/we 3371|3167 | 3621
Conservative estimate
(reject reuse of components of CPP that cost less than in NPF
. $2020i OCC for C2N,
Estimate | ¢/we 3806|3925 | 4279

Note:  Componentwith safety requirements, needs to be constructed after licensing (discussed in&gction

This analysis shows that the C2N#1 project tstileprovides large potential savings through reusing of
site, offices, heat sink, and electrical components. Our conservative estimate show ~17% obsavings
the OCC for the NPP project only (without consideimy ofthe CPFD&D costs)), while the ofimistic
estimate would be up to 26%. The CN#2 and #3 project types would provide even larger potential for
savings through reusing the steaytle components by 20% to 38%. For a B0%e SFR, the total
assumed NPP construction OCC would be $2.46 bilorafgreenfield project, and potential savings
could achieve $493 million to $872 million. These
f rom Ter Coaverting thesesplantgito run on Advanced Modular Reactors (AMRSs) will deliver a
capitalcost saving of 28%85% (compared with a new nuclear plant) and a28% reduction in the

l evel i zed c(\WNN, 20228) This esimateys.aléo consistent (or comes from) analysis based
on Kairos Power LLC SMR desidBartela et al., 2021and is consistent with C2N#3 approach.

After accounting for added costs from CPP removal and requalification shavabled-9, the estimated
project savings are summarizedliable4-7. The expectegroject OCC reduction associated with a
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C2N#1 project is 1825%, and for C2N#3 projects is 1ir35%when compared with a greenfield
project The different between greenfield and C2N#0 accounts for added costs of D&D for the CPP,
which represent about42o of OCC for the different scenarios considered in this study.

Table4-7. Estimated project savings for different C2N projects when compared to greenfield or C2N#0.
C2N#O Greenfield
C2N#1 Baseline -21% -25%
C2N#1 Conservative -11% -15%
C2N#2 Baseline -33% -35%
C2N#2 Conservative -19% -22%
C2N#3 Baseline -31% -34%
C2N#3 Conservative -14% -17%
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Table4-8. Estimated activity durations (in years) for each major activity type, for all modeled projects

CPP Removal and Requalificatio
NPP Construction Activities Activities
Total
Example Critical Required NPP NPP CPP
Project | Reactor Assumption Total Path Revenue Non- NPP Commis CPP CPP Ash NRC
Type Type set NPP Duration Gap safety Safety sioning D&D Removal | Licensing
years years years years years years years
C2N#0 | PWR Baseline 5 5.5 0 1 3 1 1 15 0
C2N#1 PWR Baseline 5.25 6.75 6.75 1 3 1.25 1 15 1
C2N#1 | PWR Conservative | 6.25 8.75 8.75 1 4 1.25 1 2 15
C2N#0 HTGR Baseline 5 55 0 1 3 1 1 15 0
C2N#2 | HTGR Baseline 5.5 6.5 6.5 1 3 15 1 2 2
C2N#2 HTGR Conservative | 6.5 8 8 1 4 1.5 1 2.5 2.5
C2N#0 | SFR Baseline 5 5.5 0 1 3 1 1 15 0
C2N#3 SFR Baseline 5.25 55 2.75 1 3 1.25 1 15 1.5
C2N#3 | SFR Conservative | 6.25 7 3.25 1 4 1.25 1 2 2

Note: See Figures-C to G4 in Appendix C for the derivation of the total critical path duration and the required revenue gap. These durations de@@ndject activity

dependency trees, which are different for each of the C2N pitgjees.
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Table4-9. Cost assumptions for all C2N project alternatives in 202P.
Operating Costs Total OCC| NPP Construction Costf CPP Removal and Requalificatic
Example CPP
Reactor | Assumption Sum of | NPP Non NPP CPP CPP Ash| NRC
ProjectType Type Set VOM FOM Fuel Cost Al | safety Safety D&D Removal | Licensing
$/MWh | $/kw-yr $/MWh $kW $kW $kW $kW $kW $/KW
Greenfield PWR Baseline $2.00 $80.00 $10.52 $4572 $1,940 $2,632 $0 $0 $0
C2N#0 PWR Baseline $2.00 $80.00 $10.52 $4,799 $1,940 $2,632 $194 $33 $0
C2N#1 PWR Baseline $2.00 $92.61 $10.52 $3,598 $1,430 $1,941 $194 $33 $0
C2N#1 PWR Conservative| $2.50 $110.05 $13.15 $4,066 $1,615 $2,191 $194 $66 $0
Greenfield HTGR | Baseline $2.07 $96.64 $11.46 $5,859 $1,977 $3,882 $0 $0 $0
C2N#0 HTGR Baseline $2.07 $96.64 $11.46 $6,028 $1,977 $3,882 $145 $25 $0
C2N#2 HTGR Baseline $2.07 $118.78 $11.46 $3,951 $1,222 $2,400 $145 $123 $61
C2N#2 HTGR Conservative| $2.59 $140.33 $14.33 $4,732 $1,444 $2,836 $145 $246 $61
Greenfield SFR Baseline $2.00 $86.00 $15.38 $4,912 $2,415 $2,497 $0 $0 $0
C2N#0 SFR Baseline $2.00 $86.00 $15.38 $5,121 $2,415 $2,497 $179 $30 $0
C2N#3 SFR Baseline $2.00 $104.33  $15.38 $3,398 $1,557 $1,610 $179 $30 $21
C2N#3 SFR Conservative| $2.50 $120.46  $19.23 $4,228 $1,929 $1,996 $179 $61 $63
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4.3 C2N Decision-Modeling Methodology

This section presents a novel approach that is developed to help assesssibadrivers for different
energy production projects, focused on C2N projects in this report. It relies AB@tecode under

active development by SA&I since FX1, and only preliminary results can be provided in this report that
will rather focus o describing the methodology developed.

4.3.1 Agent-Decision-Modeling Code

The Argonne Lowcarbon Energy Framework {REAF) is a unit commitment, economic dispatch, and
capacity expansion code, which uses explicit fygimularity timeseries to solve redime dispatch for a

wide scope of usespecifiable electricity market syshs. The ALEAF dispatch module generates least
cost solutions for hourly d@-minute dispatch and emptimizes electricity with ancillary services.

The main ALEAF capacity expansion modulelike most electricity generation capacity expansion
models inthat it uses leastost optimization methods to determine optimal sysiede generation

portfolio mixes given user inputs about some future state of the systaai demand, wind and solar
availability patterns, and unit cost data. This centralized pigrivased approach, however, does not
incorporate many economic decisinraking factors employed by real firms interacting in a market, such
as limited firm resources and limited local information. It also does not represent organic system
evolution over tine, instead interpolating directly to a prespecified future point in time. For the purposes
of this study, an alternate capacity investment simulation code was developed as a plugiBAdt, A

using agenbased simulation methods.

The agenbased ABCE cagl accepts the same inputs akBAF, in addition to usespecified

information aboutsupptg i de Auti |l ity agentsd which exist in th
of units owned by each agent, t mhe eggeamtds @ heo satg emnft
levels of outstanding debt, equity, and undepreciated capital assets. The goal of each agent is to maximize

the discounted profitability of their own portfolio, which they make projections based on information they

have on theurrent and expected future composition of the market. They can use the cash flow at their

disposal from operating power plamdsfinance new construction projects or retire uneconomical plants

which are currently operating.

The agenbased code allow$i¢ observation of behavior patterns from different types of agents given
different system starting conditions and assumptions about unit costs.

4.3.2 Composite Electricity Market Model

Therepresentative, composite CB&d as a C2N case studyn the Midwestern United Stateg o
describehes i t e éperatipnsiantd market environment, an appropriate electricity market and system
model was developed.

Thecompositecase studgerves multiple electricitynarketsso the team develop@dcomposite state
model reflecting demand, wind and solar availability, ancillary services, and market rules across both
jurisdictions.

Details of this composite model are presented in Appendix B. The peak demand in the system for the
starting year i80,000MWe, and thenstalled portfolio in the starting year is showrTable4-10. A

subsidy for NPPs and a production subsidy for wind ulitesthe federal wingroduction tax credit

(PTO), were assumed to exist
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Table4-10. Case studynodel installed capacity by generator type
Generator Type Installed Capacity (M)
Wind 7,000
Solar PV 600
Nuclear 12,000
Coal 9,000
NGCC 9,000
NGCT 11,700
4.3.3 Analysis Methods and Results
4331 Modeling Setup

For this preliminary analysis work, a system with twpotheticaldecisionmaking agents was created.
The agents were created to represent two possible types of utility firms operatinglecthieity market
described above and generate differentiated behavior.

The overall goal of each agent is to optimize its prejkéinancial return from the portfolio of generation
units it owns and operates. The objective function of each agent hd#favently weightederms:

1 Maximize return (high weight): maximize the expected net present value of its portfolio over a

60-yearharizon

1 Maximize firm liquidity (lower weight): maintain a high firm interest coverage ratio (ICR)

The I CR is a proxy f

or

firm | iquidity, or

t he

new projects or accommodate temporary reduastin cash flows. High ICR values indicate a high level
of flexibility and financial resources available; as the firm engages in more new projects, it effectively
exchanges this headroom for the prospect of improved future cash flows. The model pneviés t

from falling below certain thresholds with a hard constraint, and its presence in the objective function also

softly incentivizes maintenance of a high IGR.(higher liquidity).

The first objective term tends to incentivize higher levels ofiigtiincluding both new construction and

retirements. The second objective term tends to incentivize conservatism, or lower levels of firm activity.

The first agent is a large generation owner, which owns a diversified portfolio of different generation
technologies including fossil, renewables, and nuclear units. This agent has a relatively high level of cash
flow due to its large portfolio, and its levels of gmeistingoutstanding debt and equity were tuned to

create an agent with a moderaigh levelof liquidity. This agent was intended to have relatively strong
flexibility in financing new construction projects and retiring uneconomical generation units.

The second agent is a smaller, legacy fossil generation avithesi mix of naturajas combinedycle

and coal uni t s. Due

to

the unprofitability

of

level of outstanding debt and equity, this agent has a lower liquidity level than the large agent. It is far
from financial distress, but it h#sss flexibility in financing costly new projects and has less ability to

tolerate lapses in revenue streams.

The summary characteristics of these agents are sholiabia4-11. Some capacity values may not
exactly matchrable4-10 due to underlying generation unit capacity levels in the medgl,éach Wind

generator is 100 MW, so 6,700 MW is the closest possible match to 6,695 MW without undercounting).

5 The ICR is calculated for each year as (Forecasted FCF + Forecasted Interest @pliffati®casted Interest Obligation).

amo

t

he
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These agentare not intended to represent specific operators, nor is this simulation intended to reproduce
expected outcomes for tkemposite market model

Table4-11. Summary characteristics of the two representative rayatgents.

Factor

Large agent

Smaller agent

Installed generation capacity:

Wind (MWe) 7,000 0
Solar (MWe) 600 0
NGCC (MWe) 5,000 4,000
NGCT (MWe) 11,700 0

Coal (MWe) 3,000 6,000
Nuclear (MWe) 12,000 0
Total (MWe) 39,000 10,000
Initial indicative credit rating A3 Baa3

For the preliminary analysis, the agents were permitted to choose from among the following types of

c
f

ng

each

C2N const r u@oundb@0MWe eagh)ith two

year 6s deci

sion round.
multiple instancs of each activity in the same round if economically favorable and permitted by

nuclear units, adescribed inrable4-5 (including the greenfield C2N#0 project type)

behaviors duri
onstraints.
Begin a fAlargeo
Begin a fsmal

f
f

I o

C2N c¢ onst r u(araundé0nMVpe) with aenactear
unit of similar size, as describedTable4-5 (including the greenfield C2N#0 project type)

Build a modest number of wind generatigmits per turn

Retire any currently operating unit (even without a corresponding C2N project).

Agen
repl ac
repl ac

Demand was modeled as flat for the first 5 years of the simulation, increasing at about 1% per year after

that point. A $20/MWh production tax credit was avdiaflor both nuclear and wind generation; this

value was a compromise between the 2020 federal wind PTC value of $19/MWh, the proposed range of

wind and solar PTCs from the Build Back Better Bill capped at $25/MWhyanyithg emissions credits
between $1MWh and $20/MWh Agents are constrained to avoid reducing certain financial

cs below certain
ratings methodology for unregulated electric power utilities. This analysig ubed
set for the C2N projects

performance

metr.i

rat her

t han

targets,
ibasel
t he

evolve over time, this simulation implicitly assumé&sat-a-kind type project costing.
4.3.3.2 Modeling Results

With this basic setup, it was observed that the large agent chose to repower three of its existing coal units
using C2N#3 conversion projects where each CPP unit is replaced with one SFR unit of similar power
rating, starting one such project per year actosgitst3 years of the simulation. The C2N#3 project type

was chosen over the other C2N options due to its low cost, shorter overall schedule, and shorter
mandatory revenue gap. The large agent began the simulation diveitagal coal units; the remdirg

whi ch
neo as:
fconseryv

two coal units owned by this agent were retired in the first simulation period. This agent also consistently

built new wind generation units. These decisions are showigure4-1.
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Larger Agent: Portfolio Adjustments (MWe)
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Figure4-1. Portfolio changes (in MWe) for the larger agent.

Note inFigure4-1 that both capacity additions and retirements are shown in the period during which the
capacity change takes place. Retirements can be scheduled on the spot or years in advance. All capacity
additions require construction time; for example, the two C2N projects were started in years 0 and 1,
respectively. The larger agent did not begin any new construction projects after year 6.

The smaller agent evaluated the C2N#1 and C2N#3 projects torm@cally viable in an absolute

sense (positive n@rresent valueNPV)) but was unable to engage in even the smatlale types of these
projects (converting one coal unit into one nuclear unit) due to a lack of financial resources. Its base of
free cashlow was too small to support enough new financing to invest in any nuclear energy option.
Instead, the smaller agent invested in 200 MWe of wind units in the first pierjgattially offset the lost
capacity from retiring one coal unit. This limitedigity is shown inFigure4-2.
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Smaller Agent: Portfolio Adjustments (MWe)
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Figure4-2. New construction and asset retirement activity for the smaller.agent

To explore these behavioral differences in more depghjnancial evolution of both agerdaseexplored.

The larger agent used its higher degree of financial flexibility to support the temporary decline in free
cash flow caused by the capital expenditure outlay to build the nuclear plant, whereas theagerdller

was unable to do this, even though it evaluated several of the C2N project types as beneficial in absolute
doll ar terms. The impacts of these decisions on
flow (FCF) are shown ifrigure4-3.

Larger agent:
projected FCF for current year and year y+15

——

O
L $2.B
5 $1.5B

0 1 2 3 4 5 6 7 8 9
Projection basis year

—Current year estimate =——Y+15 projection
Figure4-3. FCF projections for the larger utility agent, for simulation years 0 through 9.
During each simulation period, the agent projects its expected financial results for a rolling horizon of 60

years.Figure4-4 shows the evolutiondf he | ar ger agentés projections
Across the horizonal axis are simulation tisteps, showing from which period the agent is making the

ab

projection. The blue Iine (fAcurr e nFCFforhaupcomiggt i mat e
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fiscal year based on the basis year. The red | ine
FCF15years after the basis ygae.,its expectations about its medittotlong-term future.

During the firs2 years of thesimalt i on, t he agent 0s -yeaoRCR tlecréases ly | of p
25.5%, as the agent begins a substantial program of capital investment. However, FCF projections

quickly reach an equilibrium; as the agent successfully retités coal units and$ new nuclear and

wind units come online, its FCF values begin to increase again, indicating that it has located a new

relatively stable competitive position. Despite this initial decrease;tkmng FCF projections remain

relatively constant throughouiea simulation: the agent accommodates stewrh decreases in FCF, but

its capital investments result in relatively stable cash flow levels expected in the long term.

I't is of interest to exami ne hlheconstraihpsohibitagtleer agen
agents from reducing their financial performance metrics below certain levels ibioftérg in the

decision algorithmFigure4-4s hows t he evol ution of t He@yearsdhisger age
interest coverage constraint requires this valuEviays remain above 4t8 avoid the agents falling into
thepefcul ative gradeo (i .e., Ajunk bondso) indicati

Larger Agent ICR Value Time Evolution

14.0
12.0
10.0
8.0
6.0
R R e
2.0 I =42

Large agent ICR value

0.0

Simulation year

Figure4-4 Evol uti on of the | arlfyearsimupiont 6 s | CR val ue o0Ve

At the beginning of the simulation, the agent begiitk a high ICR value of 11.7. Starting in that period,

the agent begins to invest i n. insubsequenbyearscthesagentsi n g
makes capital investments, and overall profit levels in the system decline slightly asdfratige mix
shifts, further reducing this value. After year 6

reflects the fact that its capital expenditure program is slowing as the agent and system reach a new
equilibrium statd once many of the @inal coal units have been retired through C2N projects or-stand
aloneretirements.

Note how the | arge agent wuses its | arge amount of
and wind investment projects. The agent relatively quickly chooseake mvestments which earmark

its ICR headroonto drive FCF stability in its changing market, as shown in the previous figure. The

smaller agent is unable to tolerate this drop in ICR and can only make marginal adjustments to its

portfolio.

In contrastFigure4-5s hows t he small er agentés expectations a
build a smaller C2N#3 type project starting in the firstidation year.
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Smaller Agent Interest Coverage Ratio:
with and without C2N#3 (smaller size)
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Figure4-5.Smal | er agentds projected interest coverage
project.

The smaller agent could support the increased interest expense wili@fjtbut the severe degradation
of its ICR metric prohibits this investment.

4333 Notes and Ongoing Work

The C2N#3 project was chosen by the larger utility agent using the current decision model and set of
inputs, but that does not rule out the possibilitytbieo C2N project types becoming viable in other
situations. C2N#3 would likely involve more schedule and cost escalation risk than C2N#1 as it reuses
more components; in an expanded model where risk is explicitly evaluated, the C2N#1 project may
become mar favorable. The C2N#1 project also has comparable construction costs and lower operating
costs than the C2N#3 project.

When compared to the greenfield projects, the C2N#3 project has lower capital costs, but it also has a
slightly longer overall constrtion schedule, including a mandatory revenue gap of at least 2.75 years,
whereas the greenfield C2N#0 projects have no gap. The greenfield projects may be more attractive to the
smallerin some situations, as the agent does not need to tolerate a respnue g

The C2N#2 project may require some specific circumstatodescome favorable, as its costs are higher
and its schedule longer than for the other projects. However, this type of project should still be studied, as
it may have situational benefits whiobitweigh the nominal cost and schedule differences outlined here.

Ongoing simulation work is expanding the initial set of agent representations which are tested using this
modeling capability. Having demonstrated the Iolweund case of an agent whosefinial resources

are too limited to participate in C2N projectgsiof interest to scan across agent financial parameters and
portfolio size to determine when and how agents begin to select C2N type piojgetseral, allowing

for agent ceownershipof generation assets would also increase the scope of agents for which these
projects are feasible, and could provide an interesting model for consortium NPP pdrjdetstanding

the scenarios under which agents begin to choose leagearity replacenmés over smallecapacity

r
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replacements is also of interest. The analysis will also be expanded to consider the conservative as well as
baseline assumption sets describe@ahle4-9. The agenbased approach also supports simulation of

cost and schedule escalation, as the differing timelines of the C2N project may become even more
important when cost and schedule risk is considered.

The analysis perfoned here considered C2N projects focusing on a relatively large CPP site (either at
full 1,200MWe capacity or hal600-MWe capacity). Similar study needs to be completed on other sites,
such as smaller site in the ~100MWe power range, to assess viafilitglear considering different cost
scaling assumptions, as considere8tauff & al. (2021) It would be important to assess if the cost
savings associated with CPP component reuse added to other NPP cost reduction potentially obtained
through factory manufacturing, etc. would be sufficient to offset likely increase in operadiisg ©&M,

fuels, etc.).

4.4 Summary for NPP/CPP Compatibility Study and Decision-
Modeling Study

This section investigates compatibility between different CPP technologies that would be repowered with
various types of NPP. The C2N projects were sorted iné@ thrain categories depending on the type of
CPP components that could be reused in the NPP: C2N#1 considers only reuse of site, electrical
components, and heat sink; C2N#2 also considers direct reuse ofcstdacomponentswhile C2N#3
considers indireqthrough coupling with TES) reuse of steagtle components.

From this mapping, a simple economic model and project layout was built for each C2N project type
based on representative NPP types. For this, the cost parameters of different NPP projestanveteel

based on potential reuse of CPP components and assumed cost for D&D and cleanup activities. Such
simple approach was used to quantify the potential benefits associated with different types of C2N project
showing potential project cost reductiop to 25% in C2N#1 projects and up to 35% in C2N#2 and #3
projects when compared to a greenfield proje&dditional study would be needed to verify

compatibility, assess refurbishment, and understand licensing costs associated withseesiéiof
components in the various types of C2N project. The plan for each C2N projects was also estimated to
guantify the duration of critical path and required revenue gap.

This C2N projects model was applied in a novel agpased market modeling appoba which is

currently under active development. The preliminary results obtained confirm that a C2N project is more
attractive than greenfield deployment of an NPP under the assumptions derived in this section. A wide
range of additional ageiwlecision aalyses are enabled by this modeling tool, wisdiarther applied to
understand better utility drivers to pursue different types of C2N projects.
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5. REGIONAL ECONOMIC STUDY

The purpose of this section is to study the economic impacts to the region veh€rihtransitions tan
NPP. Specifically, the research questions of interest to answer here are:

1 What is the contribution to the regional economy of the TPP
f  What is the potential contribution to the regional economy &oaMNPP?

This section draws on¢methodology of regional econoni© analysisand the software IMPLANand
yields answers to these questions in terms of jobs, taxes, economicdy@vaibecause of the
relationship between the economy and the envirorndnentissiongsee Appendix Dor additional

details on {0 analysi¥ This analysis compastwo possible states of the world: one where a CPP isin a
community and another whera BIPP replaces the CPP. Notionally, this is like the OCC in nuclear
economics. The OCC measures the cost tlol lBaiNPP as if itwasbuilt in a day estimaing the resource
need for the project absent many of the transitionary impacts such as financing or 8etalely, I-O
aims to measure the economic differences in a region between two possible states of théesthniel
OCC, some transition effects antentionallynot capturedn this1-O, such as interim construction
impacts, the way people redistribute across seatbthe economy while in transition, possiblyother
factors What the analysis yields instead is a differential in terms of jobs and other economic impacts
between a community with a CRtRat transitions tanNPP.That is, the analysis reflects theady state
equilibrium where a CPP is in pladben a separate steady state equilibrium wheiRPoperates in
place of the CPP.

There are two points to note here. First, the economic study in this section pertains to the regional
economy surroundindne case study site. That is, this section concerns itself with regional imgtaets
than the impacts tthe utility thatowns the CPPThis sectioralso does ngtrovide economic data on
C2N profitability. Those considerations are addressed in SetBo8econd, this is a stylized,
hypothetical analysis in that researchers leverage publicly available data; no municipality, utility, nor
investor @& partnered in this study.

This section proceeds with a description of the regional study site. Se@idescribed the logic in
developinghe case study siteSections.1 provides a regional economic profile of tB@Pcommunity

and the surrounding area that make up thnegf analysis. Then the section provides background detail
on the CPP itself. Sectidn2 describes the alternatives in the regional economitystectiorb.2

describes the technical characteristics of scenario alternatives. In Sécptimese link to the alternatives
evaluatedbased omegional economics. Secti@i3 details the regional economic stualyd provides the
results. Then Sectiofi4 summarizes and concludes the section.

5.1 Regional Case Study Site

5.1.1 Case Study Counties

The case study site modeledbased on the composiBPPsite introduced in Sectiod For reasons
discussedhere thecase studgerves as the basis of analysis forrégional economic impacts. But the
region of impact is larger than teadysite This is true for any CPF, for the case studsite, afour-
countyareais assumed fothe region ofinalysis whereconomic impacts are evaluatdthe

determination to includadditionalcountiess based on a labor shed approtchegional economic
modeling.That is, the region of analysis is baseddatafrom peoplein adjacent countiesommutingto

the CPPThe U.S. Census Bureau collects data on commuter flows from place of residence to place of
work (U.S. Census Bureau, 2022he region of analysis was establisiieded on analysis of thesdala

for commuter inflows t@ representative Midwestecounty.

The U.S. Environmental Protection Agency (ER2()22b)developed an online user interface for
characterizing communities in thinited Statedased on @rameters ofocialandenvironmentajustice
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It is a useful resource to understand characteristics of the region. These data, combined with data from the
U.S. Census Bureaanable aletailed socioeconomic summary of the regitable5-1 showsthe

summary datéor the region with corresponding ddta the United State$istedfor comparisonThese

data elucidate the social justice implications for the region.

Table5-1. Socioeconomisummary of theegion

Region United States
Demographics
Population 78,000 331,893,745
People of Color 11% 40%
Low Income 34% 31%
Demographic Index 22%

Income and Employment

Median Housing Value| $119000 $229,800
Median Household $56000 $64,994
Income
Civilian Labor Force | 62% 63%
Unemployment Rate | 4% 5%
Persons in Poverty 10% 11%
Education
High School Diploma | 91% 89%
Bachel or 6s|21% 33%

Note: Summary data are for Census published year 2020. Data represent Census year of
acquisition J.S. Census Bureau).

The EPA defines the Demographic Index asaerage othe share of the population that identify as
people of color and th&hareof the populationin low-income statusi personis considered person of
color if, on thecensus gquestionnajrtheydonot selech whi t e al
identification.A household is considered Idncome ifthe income level is less than twice the federal

poverty level Comparing the demographic data of the region to the state and nation, the region shows that
there is less demographic diverdityan the comparison. However, it also shows that @weneorelow-

income households the region than the state or nation.

oneo

w hdeethnicr e por t i n

Theincome and employment data for the region show, by comparison to state andl miztign
somewhat of an economic disadvantage. Housing valuegpaoximatedor household wealth, as
about half that of the comparison. Household income shows a sligitlyr picture in comparison. In
terms of the regional labor force, the region is appnaiely as well off as the comparison, althotigh
unemploymentate is a bitower, as isthe rate opersons in poverty. Not to be confused viitalow-
incomecategorynoted above, the poverty level is the fraction of people who live below the dwtdblis
poverty level while lowincome reflects the total number of people living bedothireshold of two times

the poverty level.

The education profile shows that the region has roughly the aamoentof people graduating from high
school as the comparisoBut the fraction of people with collegedegree is considerably less than the

comparison.

Turning now to parameters characterizing the environmental justice of the regie5-2 shows the
indicator value of the environmental parameter for the regioadjustedenvironmentaljustice(EJ)
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index, andthe e gi on6s r a th&statcgPAddainesthei EY indext as follo@s.S. EPA,
2022a) EJ Index = (Environmental Indicator) X (Demographic Index for Block GioDpmographic
Index for the United States) X (Population Count for Block Group).

Table 5-2. EJindex of theregion

Environmental Indicator Category Value | EJ Index (adj.) State Percentilé
Superfund Proximitysite count/km distance) 0.02 -0.71 50
2017DieselParticulate Matter (ug/m3) 0.17 -0.82 49
2017 Air Toxic Cancer Risk (risk per MM) 2191 |-0.37 45
2017 Ar ToxicsRespiratory Hi 0.30 -0.47 43
Particulate Matter 2.5 (ug/m3) 9.33 -0.87 42
Ozone (ppb) 4412 | -1.17 41
Hazardous Waste Proximiffacility count/km distance) | 0.72 -0.42 41
Wastewater Discharge (toxicityeighted 0.21 -0.90 39
concentration/m distange
Traffic Proximity (daily trafficcount/distance to road) | 242.89 | -0.80 38
Lead Paint (%prd 960G housing) 0.37 -0.75 28
Underground Storage Tanks 5.17 -1.13 25
Risks Management Plan Facility Proximity (facility 1.47 -0.80 22
count/km distance)

Note: Author calculations using data frothS. EPA (2022h)

A limitation of EJ in this format is that the resulting index is hot comparable dadisators. To resolve
this problem, the adjusted EJ in the table is based on the folloWegndicabr value is normalized to a
0 to 1 scaleThis enables a comparisohimpact from one indicator to the next. The value of the
indicator by itself is not indicative of the severity of the issue in the region, rather its purpose is for
comparism to other indicators onlyl:hen the natural log of the listed population is computed. Then
substituting in the normalized indicator value and the natural log of population, the adjusted EJ index
results A negative value resultsecause athe demographidiversity of the region relative to the national
comparison. Noted above, there is more demographic diversity across the nation than in thEhegion.
greater the index value, the more of an issue the listed environmental catégotata are sorted ded

on the state percentile ranking. They show, iinahe regionthe proximity to a superfund site is in the
50th percentile for the statie addition to proximity to a superfund site, the EPA indicators stigtv
levels of air pollutants relative the state ranking

In terms ofa regional summary of industriegable5-3 shows théndustries in the region and the
employment in each. Healtare and manufacturing are the leading industries. Utilities, where electricity
generation is categorized, is a small component dhthestries in the region.
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Table5-3. Regionalemploymentsummary byindustry.

Industry Jobs (%)
Health Care and Social 5,461 10.7
Assistance
Manufacturing 5,394 10.5
Retail Trade 4,976 9.7
Public Administration 4,373 8.5
Accommodatiorand Food 3,783 7.4
Services
Transportation and Warehousiy 3,517 6.9
OtherServices (except Public | 3,475 6.8
Administration)
Agriculture, Forestry, and 3,104 6.1
Farming
Professional, Scientific, and 2,990 5.8
Technical Services
Construction 2,913 57
Finance and Insurance 2,259 4.4
Wholesale Trade 1,826 3.6
RealEstate Rental and Leasing 1,627 3.2
Administrative and Support an¢ 1,487 2.9
Waste
Arts, Entertainment, and 1,314 2.6
Recreation
Information 794 15
Mining 771 1.5
Management of Companies 574 1.1
Utilities 381 0.7
Educational Services 251 0.5

Note: Source dat§i MPLAN, 2022b; U.S. BEA, 2022)

Based on the socioeconomics, the environmental indicators, and the industrial summary, one can begin to
get an idea of the type of community in the regitime next seiion turns taher e g i GPR.6 s

5.1.2 CPP Site

As noted inSection3, thecase studgompositeCPPhas a nameplate capacity approximately 2200
MWe. In the composite casene unit shutlown in the lasi0yearsandanother units scheduled for
shutdown wihin the nextlOyears.

Recent data on CPP capacity factors indhéed Stateshow that, on averagaCPP operated in 2021 at
49.3%(Statista, 2022)An EPA analysis based on modeling with eGRiIissions and Generation
Resource Integrated Database) stithat CQO emissions ad CPP average?,180 Ibs/MWNhU.S. EPA,
2019) Applied to thecase studyestimatesuggesthatafacility like that in the composite examp@enits
approximately3 million tons of CQ per year.The case studgompositefacility would account for about
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5.1% ofstatewideCO, emissionsA CPP producemore than C@onlyd SO, NOx, and mercury
emissions are not reflected in these calculations.

The case studsegionhas a lot of coal deposits, but many of them have been mined out leaving only a
few as active mines today. Data show thatcthee studyacility sourced its coal fromhe WesteriJ.S.

In the early 201Qsearly 5million tonswere usedandby the late 201Qshe number droppelelow 2

million tons. Although economic impacts to the coal mining sector are beyond the scope of this study, it
is worth noting that the demanelduction from shuttering a facility is an economic impact to another
region of the country.

Based on the characteristics of tase studCPP andased on cost estimates discussed in Sedtithe
next section introduces the alternatives evaluated in the regional economic impact study.

5.1.3  Input-Output Model Study Area

The region described above constiittee study area for© analysislt should be noted that no nuclear
generating facilities exist itheregion The FO model was customized to include the nuclear electric
power generation sector usiagepresentativestatenuclear utility industry praaction functionwithin
IMPLAN. The FO model estimates economic impact while simultaneously allowing economic leakage
(economic flows out of the study regidnm)occur when supporting industries are not geographically
available to meet industry supptyan needs. It is likelyhatthe results of the© model will understate
the full impact of economic activity because some of the business activity and jobs created could be
located outside of the defined fecmunty regionFor example, meconomic leakage the economic

flow between the region and the location of where coal feedstock is sourced in the WektstiStates

If the entireUnited Statesor case study statevere modeled as the region of analysis ttenmultiplier
effect of economic actity would changeas the opportunity for economic leakage is reduced.

Although the scenarios presented in 8tisdyare specifically modeled using the four counties
surrounding thease studyacility, the results would likely be similar in other commigstaround the
United States, especiallgr communites where theocioeconomic characteristics are closely matched.

5.2 Analysis of Alternatives

5.2.1  Description of Closure and Development Scenarios

Economic impacts were calculated to reflect four possible dosrfaced by a codlred generating
facility in the case study locatiof(See Sectio®.1.2) Thecase studyacility consisted of two generating
facilities that each have a nameplate generating capaciypobximately 6004We for a total of 1200
MWe. The facility closed one geraing unit inthe last 10 yearand has plans tdose the second uniit
the coming decad@JS EIA, n.d.) For the coafired generating facility, employment estimates used in
this report were based on industry averages derived from an lowa study that provided detailed
employment and electricity production characteristicsfoe different facilities(Christianson et al.,
2021) These facilities had nameplate generating capacities ranging from 212MW828nd 30 to 97
employees. The average generating facility in the lowa study had a generating capacity oiegdrMW
worker. Emplgment figures are not being reported in4iithe equivalence. This electric output per
worker calculation was used to estimate employment for future and paglagizdperating scenarios.
Economic impacts of these actual and anticipated evenbssaeel on the following scenarios

522 Pre-Closure

Intheld P1Cé& 0 s ur e othed® madel is used to show the economic impact of two generating units
operating under relatively normal conditions prior to the closure that occurtteg lest 10 yeard-ar this

study, a preclosure general estimate of 75 workers per generating unit was used, for a combined total of
150 employees based on a total nameplate capaa@appobximatelyl, 200MWe. This employment

estimate was based on the findings of the lowdysimentioned previously.



Investigati ng Benefits and Challenges of Converting Retiring Coal Plants into Nuclear Plants
September 2022 55

523 Half Closure

In the AHalf Closured scenario, the model esti mat
operating with a nameplate capacityapproximately 600MWe and 75 employeeghis is analogous to

the situation irthecompositecase study locatiotoday; one of the units at the CPP shutdowthélast

10 years

524 Coal and Nuclear

The purpose of the ACoal and Nuclear o scenario is
would occur if one codired generatig unit was replaced with a small nuclear facility like the Natrium

reactor being developed by TerraPoWeerraPower, 2022k)r the NuScale Power ModulsluScale,

2021) The TerraPower reactor produces 345 MWe of electricity and would employ 250 workers based on
information provided though company press rele@BegaPower, 2022b)he sixmodule NuScale

facility would produce an estimated 462 MWe with 193 employBksk & Peterson, 2018Each of

these reactor design concepts were used to model the nuclear operations portion of the #npaotsic

Thecoalf i red facility impacts used the withmme assumpt i
employees at the facility. It was assumed the coal and nuclear facility would operate in tandem. An actual
example of this type of scenario took mdn Florida with the Crystal River Nuclear Plamhich had a

nuclear side nameplate capacity of 860 Maid four coal facilities with capacities ranging from 373 to

717 MWe(IAEA-PRIS, 2022)When this scenario is evaluated using the TerraPower design, it is

analogous to C2N#3 from Sectidr2

525 All Nuclear

The nAll Nucl ear 0 scenari o assumes bonmotulegdmer at i n
facility under the NuScale Power design configuration. As outlined, this scenario is analogous to C2N#1

from Sectiod.2 This reactor design selection would provide 924 dtelectric capacity with

expected employment of 360 workers based on estimates avail&ekiand Peterson (281 Even

though the SMR electric capacity is less than the prev@@® the capacity factor for thePPwas only

49.3% compared to 92% at the nuclear facility. Therefore, the nuclear replacement will produce more
electricity annually than the existiqdants.

The economic impact model is designed to permit employment estimate fluctuations. It should also be
noted that the underlying production functions in #@ model do not change depending on the brand of
small modular reactdhatis being used. & a result, if impact results differ from one rector brand to
anotherit is simply a factor of labor inputs changing, at least until proprietary operations expenses can be
incorporated ito the model. In the SMR impact study, performedigck and Petemn (2018) an

estimate of 360 jobs was used for theph2k version of the NuScale generating faciliytater

marketing study byNuScale (2021gstimated the facility would employ 270 workestser to the

estimated 250 jobs at the TerraPower plant. Based on a desire to allow for sensitivity, the 360 NuScale
jobs estimate was used in this study for the larger NuScale plant. If actual employment at the NuScale
plant ends up closer to 270 joldsem economic impact results would closely match the impact estimates
for the TerraPower reactor as outlined in the i mp

5.3 Regional Economic Impact Analysis

This section presents thesults of the impact analysiBheyare separated into economic impacts,
environmental impacts, and impacts to workforce transifMireconomic impacts are in 202fllar
years and areepresented iannualamounts.
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5.3.1 Economic Impacts

Results of the-D model are displayed in sequengrogressing fronpre-closure to complete

replacement of the coéited generating facilities with nuclear. Additional figures were added to show the
net change in impact from potosure to all nuclear. All these impacts are identified as totals aasvell
individual impacts stemming from direct, indirect, and induced categories of economic a&tivitye
detailed discussion of these impact categoriesAgppendk D.

5311 Employment Impact

The number o&nnualjobs either created or sustained by elegiawer generation ranged from 399

underthepr& | osure scenari o to 1, DhisBportdoestndt proviteaan | nucl ec
analysis of economic impacts related to construction of new facilliiesse counts include direct jobs

associated wit the generating facility as well as the indirect and induced jobs that result from-supply

chain sources and typical employee household spending.

The coal and nuclear scenarios had a total employment impact of 764 jobs for the NuScale designed
reactor and 931 jobs for the TerraPower reactor. The difference in employment impacts between these
two reactor designs is purely reflective of how many dij@zs were associated with these facilities. The
TerraPower design suggested a need for 250 workers to run the reactor facility while NuScale estimated
only 193; in both cases, these are counted as direct employment-@ thedel. With input from both

SMR developers, adjustments could be made to increase the accuracy©frttael. Under both

scenarios, it was assumed the coal generating facility would use 75 direct employees.

The impact of moving fromma CPPto an NPPreveals a net increase of 6%®$. In a later section of this
report, additional analysis was performed on the transferability of knowledge, skills, and abilities from
C2Nfacilities. Job transferability is1otlimited to the two types of generating facilitiésit would also
include te supply chain and other jobs within the community.
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Figure5-1. Economicimpacti employment

5.3.1.2 Output Impact

The value ofinnualindustry production constitutes the output impact in this model. Thesetaupact
results are estimated based on industry per worker production statistics obtained by IMPLAN. Described
in Appendix O the approach used in this report was to introduce coal and nuclear facility employment
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estimates into the model as direct imgaand let the model estimate the other components which include
industry output. Actual industry output figures are often proprietary and are usually not disclosed unless a
company is willing to provide the information or if the company is publicly heti&npts were made to
forecast plant revenugdsing wholesale electric prices for the region, the plant is combined with actual
production statistics for the plant as reported through EIA. After this process was completed, it was
determined that MPL AN6s esti mates would be used.

Annual output impacts for the study area ranged from $284.8 million during todoptee period to
$552.7 million once the plant is fully converted to nuclear using the NuScale Powerdlge
configurationwith the highest employment estimate. In tfi€oal andNuclean scenario, the output
impacts ranged from $438.7 million using the NuScalevgixiule configuration and $526.2 million if the
TerraPower reactor design was used. The difference in output impact betwtven tbactor designs is
tied to TerraPower estimating the need for more employidesleads to increased labor income and
higher overall output. Even though electric production is similar between the coal and nuclear options,
total output will differ forseveral reasons. One reason for the difference is the increased need for
employees at a nuclear facility versus a coal facility. As more company earnings are directed to local
employees, those dollars have a higher likelihood of being spent locallyttehetirected to netabor
inputs like coal or other materials required @®Pproduction that are sourced outside the region. As
proprietary revenue and employment information is shared by plant operator§) thedel can be
adjusted, and total outpumpacts would likely change.

While employment impacts are distributed quite evenly between direct, indirect, and induced effects, the
other impact categories show much more impact concentrated in the direct effect. This is caused by
higher wages being paid employees working for dire@inpact companies. It should also be noted that
employment impacts are displayed as a count of jobs rather thdimkeikquivalets. Employers in the

indirect and induced effect categories are more likely to pay lowersveagkehave more paitme

employees.

The net increase of transitioning from C2N yields a total output impact of $267.8 militr§4% of
that impacttomingfrom the net increase in direct effects and 36% from indirect and induced effects.
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5.3.1.3 Labor Income Impact

The labor income component of the impact model includes benefits, all forms of income employees
would receive, proprietor income, as well as required statéoantdemployer taxes. IMPLAN estimates
for labor income were compared with Bureau of Labor Statistics reports to ensure these costs were
accurateThe FO modelwas determinedotto require any additional adjustment. Th® Imodel
estimates the prelosureCPPfacility would create or sustain $40.5 million in total labor income, $25.5
million of that coming directly from the facility. Total labor income impacts would increase to65142.
million if the facility was converted completely &m NPR a net increase of $102.1 million. The net
change includes $22.8 million of labor income resulting from indirect and induced effects.

If the facility was dually powered by coal and nuclear #imt income impacts would range from $96.7
million if using the NuScale simodule reactor design and $119.3 million under the TerraPower design.
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Figure5-3. Economicimpacti laborincome

5.3.1.4  Value-Added Impacts

The valueadded category of impacts shows the electricity generating industry contribution toward gross
domestic product in the defined fecounty region. As intermediate goods are transformed through
production methods into final gogdhe value tht is created is captured in this impact categhtrgach

step in the supply chaiadditional economic value is added, and that is what this impact cafttees.
closure valueadded impacts reach $131.8 million, with 63% of that impact coming direattytfre

CPP If converted completely tan NPR the valueadded impacts would increase by more than $161
million to $293.4 million. This net change brings an additional $50 million of economic activity to local
businesses through indirect and induced edfect

The combination of coal and nuclear facilities offered a range of $223.2 million and $269.7 million for
the NuScale and TerraPoweagtr concepts respectively. Again, these impacts are different only
because the TerraPower facility expects to employ 250 workers compared to 193 at the NuScale facility.
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Figure5-4. Economicimpacti value added

5.3.15 County Tax Impact

The model results include estimated taxesatunty level. Historical tax records show whéfPplants

made significant tax paymeniBhe tax data below reflect the aggregation of tax information based on the
developedtase study site described in Sectdoithe peak tax paying ge occurred whethe combined
effectcontributedmore thar7 million in taxes to thetylizedcounty, with nearly $&.million, the

largest portion, going tthe local schodlax district.In tax year 9tax payments began to fall with the
sharpest decline after the closureagenerating unitOver al0-yearperiod tax contributions from the

plant decreased by 80.3%lthough this study did not investigate the drivers for the changes in tax
paymentsit is worth noting the declinassociated with the plant closure of the shuttered generating unit.
It closed in tax year 14.
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Figure5-5. Economicimpacti taxrevenues frontcase study site

Table5-4. RepresentativEPP sitecountytax data (1of 2).

Y e a r Plant®ropertyTax Details

District Tax Rate Extersion
School 3.638 $4 354,000
Case Studfounty 1405 $1,681000
MISC. 0445 $532000
Township 0.162 $194,000
Library 0.150 $180,000
Fire 0.085 $102,000
CountyExtension Service 0.027 $32,000
Multi-Township Asmt 0.007 $8,600
TOTAL 5919 $7,082000
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Table5-5. RepresentativEPP sitecountytax data (2of 2).

Y e a r 0 PraritRBopertyTax Details

District Tax Rate Extersion
School 4376 $320000
Case Studfounty 1.738 $326,000
MISC. 0.432 $81,000
Road District 0.372 $70,000
Library 0.184 $35,000
Fire 0.163 $31,000
Township 0.126 $24,000
County Extension Service 0.031 $5,700
Multi-Township Asmt 0.013 $2,500
TOTAL 7.435 $1,394000

IMPLAN provides a report that estimates federal, state, and local taxes. It should be noted that actual

taxes are likely differerftom what IMPLAN estimates provide. Individual taxes at a county level are
complicated by depreciation and special exemptions. Furthercbsgauld need to be done to explain
all the reasons why the IMPLAN tax impacts are different from county tax records. For thiglstudy
aggregatediax impact reporis used with the main goal of showing the percent difference in tax

implications betweeth h e -ciilporseur e 0 scenar i

(0]

and the

fial

nucl ea

Based on model inputs, IMPLAN shows a total tax impact increase of $46.5 million by moving from the

pre-closure, all coal scenario to an-aliclear scenaréb a 92% increase. More than 72% of therease

is a result of taxes paid by the plaantd the remaining 28% is divided between suppliers and community
spending. The net change to county and state taxes was $13.6 million and $20.5 million respectively.
County level taxes increased by 59% wisiiate taxes increased by 64%. In the model, federal taxes for
the preclosure scenario began with a negative $4.6 milligfLAN explains that negative taxes are the
result of rebates or subsidies from government that can include various types aissisiahce
programs, that more than offset actual tax payments.
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Table5-6. Economicimpacti taxrevenue
Economic Impact Results ($ Millions)
Tax Impacts
Impact Scenario County State Federal Total Tax

PreClosure $23.2 $32.1 -$4.6 $50.7

17 Direct $20.4 $27.8 -$6.1 $42.0

21 Indirect $2.3 $3.5 $0.9 $6.8

31 Induced $0.5 $0.8 $0.6 $1.8

All Nuclear $36.8 $52.6 $7.7 $97.2

17 Direct $29.7 $42.1 $3.8 $75.6

21 Indirect $5.2 $7.7 $1.8 $14.8

31 Induced $1.8 $2.8 $2.0 $6.7

Net Change Coal to NuSke | $13.6 $20.5 $12.3 $46.5

17 Direct $9.4 $14.3 $9.9 $33.6

21 Indirect $2.9 $4.2 $0.9 $8.0

31 Induced $1.3 $2.1 $1.5 $4.8

Note: All results are roundeds a result the sum of direct, indirect, and induced impacts maguaitthe grand total.

5.3.2  Environmental Impacts

| MPLAN uses under | yi nEgvirahmentally Pxterdettiput-@uiputimgdelE P A 6 s
(EEIO). Once a given dollar amount of industrypui is introducegthe impacts are applied to industry
specific environmental factors. Aielated environmental impacts are measured in kilogramsyédaied
impacts are measured in square meters, and-watted impacts are measured in cubic meters.
Environmental i mpacts can be broken down into
the overall impacfiIMPLAN, 2022a)

Transitioning from C2N only results in increased environmental impacts once the employment levels of
the NPP reach well beyond employment levels obtiginal CPP.That is,if employment levels at the
NPPremainthe same obecomdess than those at ti&PP, then there is no change in environmental
indicators.Comparing the prelosure scenari@l50 employees at the CPtB)the highest expected
employment levels of the NRB60 employees at the NPRyeenhouse gas emissions decrease by 99%
when looking &the direct impacts and are reduced by 86% when looking at total impacts. In the direct
category of impact, greenhouse gases were reduced by nearly 2.6 billion kilograms per year. Once
indirect and induced impacts are included, total greenhouse gassrfadbby 2.4 billion kilograms.

These reductions in greenhouse gases are the equivalent to annual emissions created by more than
500,000 gasolinpowered passenger vehicles.

589

The environmental impact increase observeather categoriem the net changgom a C2N transition

is tied to additional economic activity that comes from a higher number of wdti€rsat the CPP vs

360 at the NPPand not from plant operations. If equal employment counts were used for CPP and NPP
operationgseeTable5-7 for 150 CPP jobs compared to 150 NPP jobs)l MPL AN&6s est i mat ed
environmental impact decreases for nuclear plants across all categories except pesticide use in the induced
(household spending) portion of the impact. The modeled increase in pesticide use could be explained by
higher wages ahe nuclear plant and increased disposable income being diverted to typical household
spending like pest control services.
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As employment opportunities expand following the C2N transition, population would increase as well.
Some of the impacts estimatedthg FO model are the result of that population increase and are not
directly associated with power productidimese effects can be seernable5-7 as the difference

between the direct impacts g@ththe CPP and NPP) with total impacts (power plant impacts plus
impacts in the communi}yln this analysis,ite IMPLAN model does not account for coal or nuclear
environmental impacts of frorend feedcks which are produced outside the stada For example,
economic and environmentahpacts in mining coal or uranium elsewhere in the country are not reflected
here.

Other environmental impacts are availabl@ @&ble5-7. It shows three different levels of employment at
nuclear facilitiedo facilitate understanding of environmental impacts of additional workers. A jobs level
of 150 is a direct comparison to thember of workers employed podosure. The next two alternatives,
jobs of 270 and 360, reflect employmanthe same nuclear facjliand show how environmental
indicators change with increasing levels of employmEné impact ofC2N transitions observed in the

comparison of 150 prelosurejobs to 150 nuclear jobs

Table5-7. Environnentalimpacts
Sq Cubic
Kg/Year Kg/Year Meters Kg/Year Kg/Year Kg/Year Kg/Year Meters
Impact | Scenario Nitrogen Toxi
Tvpe Jobs o . an - oxic
yp (Jobs) Criteria Greenhouse | | 4\ jc| Mineral TS Pesticide | o | \water Use
Pollutants Gases Use Emissions
Release to Releases
Water
Direct (Plr;g'osure 5,406,176| 2,595,982,880 1,833,454 0 36,656 0 28,790 | 297,446,454
Nuclear
(150) 4,006,213 7,977,364 1,358,670 0 27,167 0 21,335| 220,420,840
Nuclear
(270) 7,211.183 14,359,256| 2,445,606 0 48,894 0 38,402 | 396,757,512
Nuclear
(360) 9,614,911 19,145,674| 3,260,808 0 65,192 0 51,203 | 529,010,016
Total Flrseé;'osure 6,222,468| 2,744,173,698 3,211,800 774813| 135989 5| 32,379 334,603,463
Nuclear
(150) 4,776,462 157,455,878| 2,029,567 677,238 129,434 7 25,005 | 258,428,602
Nuclear
270 8,597,632 285,220,581| 3,653,221| 1,219,028 232,981 13 45,009 | 465,171,484
Nuclear
(360) 11,463,509 380,294,108| 4,870,961| 1,625,370 310,641 17 60,012 | 620,228,645

A limitation of the IMPLAN-basecenvironmental impact analysis is that it does not capture two

significant impacts associated with a C2N transition. First, legacy ash ponds and other environmental
impacts at the coal facility are not reflected in these loletausesh ponds are not indlavailable data
setof analysis andre thus beyond the scope of tturrent analysig\lthough to some extent, the impacts
on particulate matter in the air are reflected in the GHG data, direct effects of cleaning up legacy ash
ponds is not reflected herA detailed study on this would be warranted if evaluating a site for an actual
C2N transitionThe IMPLAN data do account for emissions impacts in the supply chairhébsétond
limitation is that this study does not reflect letegm waste storage iptications oflow-level or high

level nuclear waste

5.3.3

This section examindhle workforce transition potential for displaced coal workers using industry
staffing patterns by comparing the general knowledge, skills, education, and work expgéaience
referred to as core competencietjhe coal and nuclear workforce. Explorithg potential for &£2N

Workforce Transition
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workforce transitiorinforms on workforceimpacts in theeoal community. Unlike the economic impact
analysis, this analysis approaches this transkijolentifying specific impacts to each occupation class
This enablesntereste stakeholderto evaluatanvestmensin retraining and transition assistanée.
important dimension not reflected in this analysis is that of labor uriR@tagnizing that unions make
up a large share of the nuclear workforce, addressinguh@mm jobs are impacted is not addressed.

This section presents the workforce transition restilis.data and methodology supporting this analysis
are discussed iAppendix D. The results give insight on the potential for coal waskertransition to a
position in a new nuclear facility. After the resuidyrief discussioexamineathe impacts of

construction time on a successful workforce transiti@imen the largeshare otunion labor at nuclear
facilities, there may be an opportunity to leverage union training prograar@2N transition, but that is
beyond the scope of this analysis.

5.3.3.1 Workforce Transition Analysis Results

This section discusses the resuoltshe workforce transition analysis using two main data sources. &irst,
discus#on gives aroverviewof the results oftheanalysis using thBureau of Labor Statistic8(S)
employment matrice@J.S. BLS, D22). Next,the discussion turns tbe results otheanalysis using the
IMPLAN Occupation Datg§Clouse, 2022; IMPLAN, 2022bYhen a brief compaisonof the resultof

the two data sources follows.

The data from BLS and IMPLAN are applied to a scenario based etr@ade of 150 jobs in the fossil

fuel sectoy of which coal jobs are a pa#nd an increase of 360 jobs in the nuclear sector, following the
scenarios evaluated in Secti®13.1 Based on the staffing pattern from the BIL8ble5-8 presents the

impact on specific occupations in batidustries. The top portion of the table displays the ten fossil fuel
occupations that incur the largest losses, and the bottom portion of the table displays the ten nuclear
occupations that gain the most jolbhe table also includes a column displaying het changes in jobs

(i.e., the sum of lost fossil fuel jobs and gained nuclear jobs) for those occupations. The column for fossil
jobs is ordered smallest to largest, to show the occupations impacted the greatest by ratitemeate
studyCPPfaclity. See Sectio-1 in Appendix Dfor the full list of occupational impacts.
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Table5-8. BLS staffing patterns(abbreviated)
Largest Losses in Fossil Fuel Jobs (Top 10)
Occupation Occupation Title Fossil Nuclear| Net
Code P Jobs Jobs Change
51-8013 Power plant operators -25.35 2.16 -23.19
49-9051 Electrical powetline installers and repairers -10.2 2.52 -7.68
Electrical and electronics repairers, powerhouse,
49-2095 substation, and relay -7.8| 10.44 2.64
17-2071 Electrical engineers -6.75 9.72 2.97
51-1011 Firstline supervisors of production and operating 63 1728 10.98
workers
434051 Customer service representatives -5.25 0 -5.25
499041 Industrialmachinery mechanics -4.65 9.36 471
491011 Firstline supervisors of mechanics, installers, and 45 8.64 414
repairers
499012 | €ontrol and valve installers and repairers, except 345 0.72 273
mechanical door
47-2111 Electricians -3 5.76 2.76
Total -77.25 66.6 -10.65
Largest Gains in Nuclear Jobs (Top 10)
Occupation . . Fossil Nuclear | Net
Code Bl M Jobs Jobs Change
17-2161 Nuclear engineers -0.45| 44.64 44.19
51-8011 Nuclear power reactor operators -0.45| 37.44 36.99
339032 Security guards -0.75| 37.44 36.69
194051 Nuclear technicians -0.9 24.48 23.58
51-1011 Firstline supervisors of production and operating 6.3 17.28 10.98
workers
492095 Electrlc_al and electronics repairers, powerhouse, 78 10.44 2 64
substation, and relay
131151 Training and development specialists -0.75 9.72 8.97
17-2071 Electrical engineers -6.75 9.72 2.97
119041 Architectural and engineering managers -1.2 9.36 8.16
499041 Industrial machinery mechanics -4.65 9.36 4.71
Total -30| 209.88| 179.88

Note: SeeAppendix Dfor the unabbreviated list of occupations.

The results show that power plant operators are impacted the greatest by the closure of the last unit of the
casestudyfacility with a loss of about 25 jobs. Looking at trexopations that incur the largest fossil fuel
joblossesthe 10 occupations impacted the most lose roughly 77 jobs in total. Out of the 360 nuclear jobs
added by replacing the coal facility with a nuclear facility, nearly 210 of those jobs are gaingdifi o
occupations. The important point to consider with an analysis like this is that these impacts are aimed at
direct impacts only that is jobs at theCPPandthe NPPrespectively.
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Changes acrosxcupationshow howworkers may be able to directly transition between ¢bal and
nuclearworkforces while staying in the sarmecupation althougthe dayto-day activities and
knowledge required may differ.

Table5-8 shows by occupation, there is not a perfect match f@N workforces.Some occupations
experience a negative net change while ateégperience a positive net change. For those occupations
that experience a negative net change, exploring the underlying core competencies may highlight how
these workers may fill the new or vacant occupational positions created in the nuclear facility and what
retraining investment is requirefl.further extenmn of this analysis usindata on core competencies is
further discussed iAppendix D.

Some occupations are employed only in the fossil fuel industry, some only in the nuclear industry, and
some occupations are employed in both industfieese occupains totall31across both industries
Figure5-6 shows the impact® all 131 occupationsacrosghe two industriesThat is, using th8LS
approacha loss in 150 fossil fuel jobs and a gain of 360 nuclear jobs results in a net gain indl@8:29
jobs®

400
341.64

300
196.29
200

100
Fossil fuel

0
Nuclear Net Change
-100

e -145.35

Figure5-6. Scenariaesults from BLS

Like the BLS method, IMPLAN Occupation Data results show the direct impact of a loss in 150 fossil
fuel jobs and a gain in 360 nuclear jobs on the occupations employed in both industries.

Table5-9 displays the IMPLAN Occupational Data results and shows which occupations added
employment in the region and which lost employment. These are direct impact jobs, meaning these are
changes at the coal and nucleagilities. In addition to direct impacts, IMPLAN also generates results for
indirect, induced, and total impacihe tableshows the results of the cealiclear (150 jobs v860 jobs)
scenaio evaluated usingMPLAN data.Comparing the two methods of calating direct occupational
impacts 196.29(Figure5-6) vs. 198.78(Table5-9), reveals both methods approach the same answer.

6 This represents the direct impact only. The BLS data reports the percent of industry values for each occupation at 1 decimal
placeso rounding error leads to summing differences.
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Table5-9. Scenariaesults from IMPLAN

Employment Wages and Salaries Compensation
Direct 198.78 $43,875,506.15 $60,221,532.38
Indirect 198.43 $17,411,258.49 $22,089,968.71
Induced 399.39 $24,438,178.53 $29,143,558.78
Total 796.62 $85,724,943.22 $111455,059.80

Looking deeper at the results peated herelable5-10 shows which occupatiorsided employment in
the region and which lost employment. These are direct impact jobs, meaning these areatllaeges
CPPandNPPfacilities.

In a C2N workforce transition, investment and transition plans for the workforce must consider the impact
of the required revenue gap, discussefientiond. In other words, plans must consider howetp

support workers through the time between employment at the coal facility to employment at the new
nuclear facility andb) use the time between employment for worker retraining or educational investment.
Note that this only applies to direct employeearaoperational plant and does not apply to temporary
employment created by construction or demolition efforts. A smooth transition from a coal position to a
nuclear position may depend on many factors such as:

1 Can the worker directly transition into tkame role at the new nuclear facility? If not, is there
another role can they fill? If the required revenue gap is greater than zero, what will they do in the
meantime?

1 What kind of training/education is required for the transition? How long is that exjectake?
1 How will the worker and their family be supported financially through this transition?

This section briefly discusses the potential challenge of the required revenue gap in C2N scenarios on
workforce transitions. This discussion is presenteddghlight the importance of considering the impact

of the required revenue gap on transition success and smoothness. Furthermore, this section provides
examples of the kind of questions to consider for each individual. Although there will likely be-no on
sizefits-all solution to these workforce transition challenges, this type of thought process will help ensure
a just transition.
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Table5-10. Toptenlist of occupationgains andosses

Employment Gainby Occupation (top 10)

Occupation Title

Impacts to Employment

Nuclear Engineers 46.42
Security Guards and Gambling Surveillance Officers 36.86
Nuclear Technicians 25.92
Power Plant Operators, Distributors, and Dispatchers 11.49
Firstline Supervisors of Production and Operating Workers 9.77
Training and Development Specialists 8.32
Architectural and Engineering Managers 7.13
Miscellaneous Firsline Supervisors, Protective Service Workers | 5.44
Industrial Engineers, includingealth and Safety 5.35
Electrical and Electronics Engineers 4.5
Miscellaneous Business Operations Specialists 4.46

Employment Losses by Occupation (top 10)

Occupation Title

Impact to Employment

Line Installers and Repairers -8.75
CustomelService Representatives -5.58
Control and Valve Installers and Repairers -2.32
Construction Equipment Operators -1.87
Miscellaneous Plant and System Operators -1.52
Welding, Soldering, and Brazing Workers -0.88
General and Operations Managers -0.87
Meter Readers, Utilities -0.86
Stationary Engineers and Boiler Operators -0.86
Pipelayers, Plumbers, Pipefitters, and Steamfitters -0.75

Figure5-7 presents the percent of employees by education level achieved in the fossdds&lyand
thenuclear industry. In 2020, the most common educational achievement in the fossil fuel eeonkdsr

a high school diploma. The second and third most common educational achievements in the fossil
workforce wereposs econdary certificates and bachel or os

educational achievements in the nuclear workfanc2020 werd1 )

bachel(@highschaok gr e e,

diploma, and3) postsecondary certificate. Although more than 80% of both workforces have
educational levels between a high school diploma and badhdegree, the data ihe figure shovthat,
on aveage the nuclear workforce is more educated than the coal workfdiae analysis on the core

competencies of these two workforces is presentégpendix D.

dedg
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Coal ®™Nuclear

Less than a High School Diploma
High School Diploma
Post-Secondary Certificate
Some College Courses
Associate's Degree (or other 2-year degree)
Bachelor's Degree
Post-Baccalaureate Certificate
Master's Degree
Post-Master's Certificate
First Professional Degree

Doctoral Degree

Post-Doctoral Training

0% 5% 10% 15% 20% 25% 30% 35% 40%

Figure5-7. Educationakttainment byworkforce

5.4 Social and Environmental Justice

The economic impacts in the community have socialEahHthpacts.Noted abovés a scenario where the
case studgomposite CPP igeplaced with all nuclearf equivalent size results in about 653 rjets to

the region, distributed across the NPP, the supply chain, and the local comimaili&s-1 shows data

on the poverty rate in threpresentativeegion, which is low relative to the comparison. But the table also
shows that the relative wealth of households in the region, approximated by median income and housing
values,arelow relative to the compeon Table5-10 shows the occupationghere a net gain would

likely take place in the regio@ccupations with the largegains include nuclear emgers, security
guardsand nuclear technicians. Industry average wages for these occupati®hsGd60for engineers,
$87,000for security forcesand $90000for techniciangScottMadden, 2021Yhis context, coupled with
the economic impacts of increased output, wages across the community, aratidallien the supply

chain suggestpositive economic impacts to the region. The median income ¢d@®&nd median

housing valuef $119000will experience upward pressure, thereby increasing the economibeimd

of members of the community.

An addtional social justice impact will likehaffecttaxes.At the height of CPP operationstime case
studycomposite sitén year 9 compared to operationsyear 18 county tax revenue fell by nearly 80%
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Figure5-5). To place this in context, consider the changes in tax revenue received across entities in the
county from thecase studgomposite siteTable5-4 andTable5-5 show howthelocal school district, the
county itself, andther entities were impacted. Tax revenue for schools fell frmund$4.5 million in

year 9to $820 thousand iypear 18 Similar reductions can be seen in the categories of the t&bieker,
from Table5-6, anticipated changes in tax revenue showtthatevenue across the region would
increase from 1 million to $97 million, an increase of 92%. A change in tax revenue will have an
impact onmanysectors of the community beyond impacts evaluated in this study. For ex@atgks-1
shows thatwhereaghe regioncompares favorably to the coanson in terms of high school graduates, it
fairs much lower in terms of the prevalence of people with college degréaancial boost to regional
schools would likely impadhis educationastatistic.The analysis on workforce transition in Section
5.3.3 coupled with the impact of an increasdax revenue in the regional economy, suggestathat
financial boost to education woubdovidehelpful support in facilitatingabor force readiness.

With respect tdeJ, the top indicators iffable 5-2 show that th&eompositeregion experiences good deal

of air pollution relative to the state ranking. Several of the indicators measure parameters on air quality.
From the environmental impact analysis in Seclidh2 Table5-7 shows how a change from a CPP to

an NPP impacts environmental attribut@articularly, note the impact on greenhouse gases. The direct
impacton GHGshows a reduction @fbout 99%and the ¢tal impact shows a reduction of about 86%.
Discussed abovéhe direct impact reductias because the NPP produces no greenhouse gas emissions
butthe CPP does. The 86% reducti@r/(illion kg/yearto 380 million kg/year of GHGJs because of
increasd economic activity that generates GH@nce 86% instead of 99%. Notwithstanding, an 86%
reduction in GHG, although not measured in this stadggest$avorableimpacts orEJindicators,

especially on those indicators measuring air quality.
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6. SUMMARY AND CONCLUSIONS

The C2N transition will create benefits and challenges in a variety of doraati®jcha variety requires

the need for multiple ways of evaluating the transition. Three primary questions about the transition
guided the research this study How many CPP sites in the United States are good cancidates are

the benefits and challenges of transiéiétow will it affect local communities? To answer these

guestionsthe SA&I research team carried out a thpeenged approach todtstudy: a siting analysis, a

TEA, and an economic and environmental impact analysis. The short answers to these questions are that
advanced reactors smaller than a gigawatt scale are amenable to siting at 80% of the CPP sites that passed
the first round bscreening; repurposing CPP infrastructure may lead to savings on overnight capital costs
that range from 15% to 35%; and depending on the nuclear design under consideration, job growth could
increase by ove850new, permanent jobs leading to nearly $2wllion in new economic activityand

GHG emissions in a community could fall by as much as 86%.

Context for these results is important. The economic and environmental impact results are based on a case
study evaluation of aompositefour-county regiorsurrounding aepresentativ€PP site irthe

Midwest The case study is hypothetitacause it ibased orm composite of sites described in Sec8pn

andto the knowledge of the study teanone of the representatives in the compositeiader

consideration for a C2N transition. Further, the team conducted the study without anyinuésyor,

cooperative, or corporation partnering on the analysis. Findings are babedoalysis of publicly

available data and documented assumptions. With respectT&fehe nuclear designs considered are

based on published design concepts. @anation of capacity factor adjustments (nuclear plants operate

at higher capacity factors than coal plants) did not bear on the choice of nuclear, tesdjesrete sizes
available in the literaturdid havea bearingConsequently, evaluated desigosild produce more

megawatt hours per year than the coal plants they are modeled to replace. Finally, the study team uses the
term advanced reactors in referer@&MRs and advanced, ndight-water reactors because the siting
requirements are similar. €bermLWRsrefers togigawatt scale reactors because their siting

requirements are differefrom for smaller reactors.

6.1 Siting Analysis Summary

The siting analysis was instrumental to understae@€PPdocationsin the United States and to evaluate
which of these could be repurposed for sitndNPP. This evaluation leveraged the - SRGE tool,

which is a GISsmodeling platform fitted withthe NRCH eriteria for siting nuclear reactors. The siting
evaluation takesput data from the U.S. DA@EEIA, as of August 2021, that recortlee status of CPPs

across the country. At the time the study got underway, in August of 2021, the EIA data listed 814 retired
CPP generators at 349 sites. After an ing@abkening of the sites (e.g., age of retirena@atownership

type), the set otandidatesetired sites reduced to 157. The EIA data showed that there were 581
operating generators at 273 sites. After screening these sites (e.g., those not likelyadrea@zajN

transition) the set of candidate operating sites reduced to 237.

With the candidate set of retired and operating sites identified, a more involved evaluation took place
where the ORSAGE tool was applied to filteyut sites that did not me#te NRC siting requirements.

The results of this evaluation are differentiated on two dimensipesating vs. retired sites and

advanced reactors vs. large LWRs. The results show that of the candidate set of retired sites, 80% (125
sites) are amenable siing an advanced reactand 22% (35 sites) are amenable to siting a large LWR.

For the candidate set of operating sites, again, 80% are amenable to siting an advanced reactor, (190 sites)
and 40% are amenable to siting a large LWR (35 siBased orthe results othe analysisfor both

advanced reactors and large LWRSs, population density is clearly the discriminating parameter for backfit
feasibility. Using advanced reactors to replace coal capacity, across retired and operating sites, could
potentally amount to about 263 GWe of coal capacity.
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6.2 Techno-Economic Analysis Summary

The study team engaged ifTBA to investigate the factors driving a decision to pursue a C2N transition
from theperspective of a notional investor, which could be a utlitgome other interested party. The

TEA took place in three parts. The compatibility analysis compared NPP design alternatives with features
of CPP, such as steam and heat requirements. In the second step, the project model was used to evaluate
cost anditmeline implications. Then the dynamic aspect of a transition decision was evaluated using an
agentbased model. In the compatibility analysis, the team generated four scenarios whereby a transition
could take place. The scenarios varied the amount afsinércture that could be repurposed based on
nuclearto-coal technology compatibility. For example, scenarios vdr@ad limited repurposingsuch as

office buildings up to more involved repurposing of the heat sink and electrical components. Then the
team evaluated the intersection of transition scenarios with nuclear technology alternatives (e.g., PWR,
SFR,andVHTR). The project modeling component leveraged the Energy Economic Data Base, which is

a rich datasetcontaining capital and operating cosis fiuclear and coal generators. Based on the
compatibility results, the team estimated the extent of cost savings by comparing systems within a CPP to
systems withiranNPP. Then the team used a newly developed dips#d code to evaluate how

projected cet savings interacted with factors such as firm liquidity, the time gap of revenue generation,
and electricity market characteristics.

Based on the three components of the TEA portion of the study, the results suggest that for a project
where & NPP is died at a former CPP site, the overnight cost of capital could decrease by as much as
15% to 35% when compared to sitingPP at a greenfield site. On NPP projects where the total costs
of the project are measured in billions of dollars, 15% to 35% remiea substantial, potential cost
savings. The results also show a C2N project gersmetenue profiles that reduce the gap time of
revenue generation when compared to projects sited at greenfield locations.

6.3 Regional Economic and Environmental Impact Summary

To evaluate the impacts to local communities where a C2N transition might take place, the study team
employed the methodology 60 modeling, using the software platform IMPLAN. This approach

leverages data gathered by the U.S. Bureau of Ecoremailysis and Bureau of Labor Statistics and
Environmental Protection Agency. IMPLAN collates data from these sources so that an analyst can
eval uate an ec on o mthase ghacksare the soendrios evialbated, which inctlige
closng one of the generators at the CPP, idgboth generators at the CRIPdthen alternativiey

implementng nuclear designs as replacements. These are modeled after the TerraPower corloept and t
NuScale concept because of published data on these concept®© Tinedeling requires data on staffing
requirementsand the study team found these data for the listed nuclear designs. A feature that IMPLAN
enables is that of modeling environmental &tz based on economic outcomes. The team leveraged this
capability to perform the environmental impact analysis in the study region. Because the analysis was set
up to address local impacts, issues sagimpacts to the coal mining industry or leterm storage of

nuclear waste were not part of the analysis. The coal mine in the case study sources coal feedstock from
the Powder River Basin (outside the region of analyaig) similarly, longterm nuclear storage would

take place outside the region.

In the scenario where both coal generators shut down at the CPP and 924 MWe of nuclear capacity
replaces it, the economic impact results suggest that over 650 new, permandetniojodps would be
created in the community. These jobs are distributed acosssops at the power plant, the supply chain,
and in the community. These are net jobs, so this means that over 650 new positions are created after
displaced coal worke@reredistributel into new occupations in the economy. New jobs mean new
economic ativity in the region. The results suggest that economic activity could increase by as much as
$275million, of which $102 million is new labor inconfee., wages The economic impact analysis

digs into what this workforce transition might look like, lthe@a educational attainment versus
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requirements at the new NPP. The environmental impact portion of the analysis found that in the case
where employment is held constant, all measured environmental indicatuslecrease. In the scenario
of 924 MWe of miclear capacity, GHG emissions in the region could fall by as much as 86%. Because
this scenario generatdse growthin population and economic activity, some of the environmental
indicators increase, such as land and waterTuge.issues related to emgnmental impacts are those of
legacy ash ponds at CPPs and ergn, highlevel, and lowlevel nuclear waste. The environmental data
available for this study does not reflect these two issues. Consequently, deep analysisi®beliond

the scope oftte current study. However, they do represent issues to invesdtigherin extensions to

the environmental impact analysis initiated in this study.

6.4 Conclusions
Based on the results of the study at least four key;lbigh conclusions can be drawn.
1. Economic potential exists for owners of CPPs and communities where such plants are located.

The study results suggest tangible, economic value in C2N transition for entities that own CPPs. The cost
savings estimated for the overnight capital cost argfgignt, especially when considering the total value

of nuclear projects. The study looked at the transition decision from the perspectivergf ORR

assets. One extension of this line of inquiry is to evaluate how purgl@a€PP site for the intenf C2N
transition bears on investor economics. Notwithstanding, the results reported here imply cost savings
from repurposing coal infrastructure. Given this finding, coupled with the reality that 32% of operating
CPP sites have announced retirement datéee EIA data, economic potential exists for the remaining

68% of CPP sited his is underscored once again with the study result that C2N projects appear to
perform better economically than staaldne greenfield nuclear projects.

The second takeawayith respect to economic potential is that C2N transitions may be an economic
boost for disadvantaged communities. Noted earlier, the economic impacts in the case study show
noticeable economic opportunity for communities. Through the lens of sociahainoihenental justicé
review ofthe case study site showed economic disadvantages relative to the state and national
comparisod job growth and increased economic activity suggaginproved quality of life in the

region. This implication is balanced on #mvironmental side with the study finding that GHG emissions
in the region can decrease by as much as 86%.

2. Opportunities likely exist for firsnover projects.

Building on the last point, the study results suggest economic potential for communitigsantat

pursue C2N transitions. An implication of this is that there is a potential advantage for interested coal
communities to be first movers in what could be a series of many C2N transitions across the United

States. Working with local ownershipofh e CPPs, early adopter communit.i
transition by working with utility management to update integrated resource plare feidhs orC2N

transitiors. This may be especially important futility ownership that does neotirrentlyhave nuclear

as part of their energy generation portfolio. The utility stands to save on capital costs from repurposed
infrastructureand the community stands to mitigate negative outcomes from shutdown afahpdaer

plant.

3. Extensions of this analysis.

This study looks at a single strategy for decarbonizing the U.S. economy: C2N transition where the
modeled transition is CPP sites to NPP sites. A limitation of the study is it does not evaluate impacts to
the coal mining sector and other upstream (beyond the region of analysis)chgplyssuesRelated to
supply-chain analysis ithe assessmeantf life cycle GHGs. Recognizing thabnstructing\NPPs creates
emissions iglsonot reflected in this studyrhis leaves open the opportunity in a broader, suppain
analysis to evaluate this impaéiso, related to supply chain is then i aofe snéacilitating workforce
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transition.The study also does not consider transitioning other energy assets teredegnsuch as

retiredsteel facilities or petrehemical plantsThere may also baneconomic opportunity for

communities and owners of emitting assets like natural gas turbines or refidddgizal extension is to
expand the analysis to consideodder supphchain implications. In the study, displacé®Pworkers in

the region are offset with job gains at the new nuclear plant. Displaced coal miners are not represented in
this study. Broader supplghain analyssshould investigate impacts likeebe. The implications of this

study suggest that analysis of these additional transition opportunities is warranted.

The study results touched on the importance of ownership position in the C2N transition. Extending
ownership structure to reflect CPP puaise options to facilitate C2N transition should also be addressed.
The timing aspect of cost burden and revenue generation will likely factor into purchase options. The
agentbased model used in this study could facilitate additional factors that wiktinpvestor

economics.

4. How can this study be used to set up-sjiecific analysis?

Finally, this is a study with genertgvel findings which are informative for caspecific applications.
Below are a few examples of how the findings could be used to set up a rdephranalysis of C2N
transition.

The findings in the TEA portion of the study can be used to compare alternative nuclear designs with
plant specific characteristics at a CFRefollowing systemby-system analysis is an informative
approach for analyzing in robust detail the extertaf CPP infrastructure that can be repurposechat a
NPP site. Results of such an approach could then be used to refine the extent of gsstHasifEA

also dealt with many of the project planning and implementation aspects of a transition that should be
considered. For example, results are informative with respect to the time gap, and thbeeferenue

gap, between shutting down a CPH #me point where revenig generatecbegins at the NPP.

The economic impact results suggest that many of the job functions at a CPP match up with the job
functions anNPP. Some do not. These results could be used to refine the types of job transition
programs that a community or utility may want to considémplementing a C2N transition. Further, the
economic impact study evaluated options for nuclear capacity that in some cases would generate more
megawatt hours than the replaced coal capacity. This suggests thgpeeisie applications could

investigde the potential for expanded market opportunity from nuclear capacity.
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Appendix A

Summary Overview of OR-SAGE and Additional Site
Considerations

The ORSAGE tool is designed to use industéigcepted practices in screening sites and then employ the
proper array of data sources through the considerable computational capabilities of GIS technology
available at ORNL. Detailed discussions of the-SARGE development and application are available in
several sourceBelles et al., 2013; Belles et al., 200itaomu et al., 2012)nitially, ORNL staff

adapted and extended the 2002 EPRI Siting Gilrdewell, 2002methodology, developed to support
early site permit applications, for the purpose of screening potential sites on a national and regional basis.
However, because of the tool granularity, it is often focusedfg@dly on user sites of interest. This is
possible because the screening process divides the contiguous United StateshgthQm@ (1-

hectare) squares (cells), applying successive suitability criterion to each cell. If a cell meets the user
specified thresholds for the siting parametedues for each criterion, the individugdtacell is deemed a
candidate area for siting a power plant. In this manner, a collectitatanfells that make up a site of a
given size can be evaluatdithis is known as database query.

The available guiding concepts were used to develop exclusionary, avoidance, and suitability criteria for
screening sites for a variety of power generation types, inclidiig. For a given technology

application, it is necessary to adep evaluation parameters that encompass several key screening criteria
that essentially provide for a basic site characterization for that application. Available evaluation
parameters include population density, slope, seismic activity, proximity timgeeohter sources,

proximity to hazard facilities, avoidance of protected lands and floodplains, susceptibility to landslide
hazards, and others. Some siting parameters recommend against siting a plant because of an
environmental, regulatory, or lafbe onstraint. Other parameters assist in identifying less favorable

areas such as proximity to hazardous operations. All the parameters should be considered flags to inform
siting decisions and should not be used to rule in or rule ousieny

The OR-SAGE process is very versatiEnd ORNL staff have used the €GFAGE tool to evaluate site
screening criteria for large and smidiPPs advanced coal plants with carbon sequestration, wet and dry
solar power technologies (excluding photovoltaic cediginpressed air energy storage, nuclear fuel cycle
component siting, spent nuclear fuel storage siting, and borehole waste storage siting. Principal
differences between variodd?Ptechnologies are population density calculations, cosliater demand,
andplant footprint.

A-1. Approach and Methodology

Essentially, ORSAGE is a visual, relational database. The database partitions the contigiteds
Statesa total of 7.2E8 hectares (~1.8 billion acres), into- by0LOGm (1 hectare or ~2.5 acre) cells.
Therebre, the database is tracking just under 700 million individual land cells.

There is welldefined regulatory guidance for siting PPin the United State@NRC, 2014) dthough

some of the existing guidance, developed with laMRs in mind, may be less applicableAR

designs. Approximately 50 potential siting criteria were identified in various sources related to health and
safety, environment, socioeconomic, and ragring factorsThe study teardeveloped a subset of
parameters for nuclear plant siting that were considered to have the most impact on the viability of any
given site and were directly amenable to application of GIS techniques. The sARgathmetes are

based on providing a high level of discrimination and readily available data. The détepdrameters

are provided here, and a more detailed discussion of each individual parameter layer is provided in
Section3.1
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Land with a population density greater than 500 people per square mile (including a

4-mile buffer) is excluded. The cap at 4 miles is based on vendors demonstrating smalkesmsce t
that meet the 10 CFR 100 dose requirements at or near thEABRFDtherwise, the cap per RG 4.7
guidancgNRC, 2014)s set at 20 miles for large LWRs.

Land with SSE peak ground acceleration (2% chance iny@&O0return period) greater than 0.5g i
excluded. This can be adjusted based on individual technology design specifications.

Land too close to the identified fault lines is excluded; the length of the fault line determines the
required standoff distance per 10 CFR 180pendixA.

Land with a moderate or high landslide hazard susceptibility is excluded. This is a flag based on
broadbased risk assessments by th8.Geological Survey (USGS) and is not a substitute for in
depth geological evaluations at the site.

Land with a slope greater than 18% (~10°) is excluded. This is an economic consideration regarding
site preparation.

Wetlands and open water are excluded.
Land that lies within a 10@ear floodplain is excluded.

Land areas that are more than 20 miles from coaliater makeup sources with at least
135000gallons per minute are excluded for nomib@lR plant applicationsThis layer is removed
for ARs underthe assumptiothat they may usair-cooled ultimate heatink application®r the
current water rights at the CRIResufficient for the much smaller coolingater requirements

Protected lands (e.g., national parks, historic aprabyildlife refuges)are excluded.

Land located in proximity to hazardous facilities (airports, military facilities, missile generating

toxic gas generating facilities) is avoided. This is a flag based on a broad consideration for risk and
RG 4.7 guidanc@\RC, 2014) Meding this avoidance criterion is not a substitute for adepth risk
assessment.

Based on preliminary data available from varidistechnologies and expert judgment, it is assumed
that anAR can easily be accommodated on aa6€e footprint. Many propesl AR NPP technologies

have even smaller proposed footprints. Microreactors may require a footprint of only a few acres. An
overview of the ORSAGE tool application is detailed FigureA-1.
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FigureA-1. Overview of the ORSAGE analysis processes.

The first step shown iRigureA-1 is to select input datsetsand then process and convert the input data

sets This involves vector to raster conversion and raster reclassification. Theetiate® typically not to

the sane scale. The conversion process allows all the data sets to be represented to the same scale on a
common map. Appropriate layered selection queries are generated associated with each siting criterion,
including the application of any buffer zones. Theligption of a buffer zone can be a complex process
such as evaluating population density in the vicinity of each cell, or it can be a simptdfaiastdnce

such as is applied to fault lines. Then, the parameter layers are assembled into a singlessetmilly,

the applicable layers are summed-tsticell. The result is a highlighted.&l contiguous map of all the

areas that do not meet one or more of the threshold criteria for the static query under consideration,
typically highlighted in red. Duing this step, individual layers can be moved in and out of the study to
conduct sensitivity analyses. The limits associated with any given parameter layer can also be adjusted to
conduct sensitivity analyses.

Since the desired result is to identify celisere a given power source is viable, the highlighted portions

of the map are inverted to reveal all the areas that have no siting challenges based ors&ectesbr

siting parameter values. Each individual cell that meets every site parameter thiegjmtally

highlighted in green on the base map. Given that a single cell represents approximately 2.5 acres of land,

a land search must be conducted to identify realistically sized, connected plots of land that can support the
typical size of a givepower source. Typically, 58cre plots are determined to be acceptable, and the

cells are evaluated in 5x5 arrays with a requirement that 90% of the cells in each array meet the threshold
siting parameter values.
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More than 50 different datetsare usedd build the parameter layers and populate each cell.de&da

that provide national or greater coverage with attributes matching the desired site evaluation parameters
are selected. The specific parameters identified for each power source are depatedfabe results

di scussion for each power source. Greater than
effects. o0 Appropri at e ssetaustbe gonsaerat befoeesising adatno n o f
the study. The datsetsouras include:

U.S. Geological Survey (USGS), U.S. National Park Service

U.S. Forest Service

U.S. Fish and Wildlife Service

U.S. Department of Transportation

Federal Emergency Management Agency

Federal Aviation Administration

U.S. Census Bureau

ORNL LandScam* data (a higkresolution population distribution database developed by ORNL)

=A =4 =4 =4 -4 4 -4 -4 -4

ORNL 7-day, 10-year low flow calculated data
1 Many other commercial sources.

Because OFSAGE tracks the query parameters for each cell, the output can be used not only to visually
identify thedatacells clear of all the usepecified parameters, but it can also iderdifyacells that are
tripped by one, two, or three or morggraeter values. The result is known as the composite map. A
sample national composite map for AR databasguery is shown ifrigure A-2. A similar ma can be
prepared for the detailed area around a site of interest, such as a coal plant. The composite feature is a
powerful feature, because it allows areas with a limited number of siting challenges to also be identified.
Engineering solutions may be @ahle for areas with limited siting challenges.

Based on selected input values

1 siting challenge

3 or more siting challenges

FigureA-2. Nominal, bounding SMRomposite map detailing siting challenges.

na
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A-2. Nominal Reactor Siting Criteria

The NRC provides regulations for nuclear plant siting in 10 CF® Ré&actor Site Criteria and provides
well-defined regulatory guidance for siting EPPin NRC RG 4.7, General Sit8uitability Criteria for
Nuclear Power Statior(®RC, 2014) The EPRI siting guidéRodwell, 2002xlso provides siting
considerations. The selectbPPsiting parameters in OBAGE are based on providing a high level of
discrimination and using readily available data while providing a reasonable set of bounding criteria. A
discussion of each nucleatirsg parameter is provided below under four broad categories of population
density, geologic considerations, water considerations, and other considerations.

A-2.1 Population Density

The regulatory requirements in 10 CFR 100 for population have to do withipbtadiation dose at the

site boundaryEAB) and in the lowpopulation zone (LPZ) surrounding the site, as well as the distance to
a population center of 25,000 residents or more. In addition, 10 CFR 100 states that reactor sites should
be located awayr®ém very densely populated centers. Areas ofpopulation density are, generally,
preferred.

Specifically, NRC RG 4.INRC, 2014)indicates that:
€ a reactor should preferably be located such that, at the time of initial site
approval and within about 5 years theteafthe population density, including
weighted transient population, averaged over any radial distance out to 20 miles
(cumulative population at a distance divided by the circular area at that distance),
does not exceed 500 persons per square mile.

To meet the guidance, each of the 700 million cells in theSNGE database is queried for the nearby
population, taking into consideration the weighted transient population. If a cell population is greater than
500ppsm it is immediately excluded. If a celbpulation is less than 500 people per square mile, the
surrounding area is evaluated by calculating the population density in an expandingedeafrigs out

to a maximum of 20 miles (in simple terms, a buffer zone). If any ring is determined ta papalation
density above 500 people per square mile, then the center cell is excluded. If no ring around the central
cell exceeds a population density of 500 people per square mile, then the cell remains viable regarding
population.This calculation isepeated for evergell in the databas&igureA-3 shows a representative

result of a population datetquery with a buffer distance considered. Tiximum search radii can be

set at a value less than 20 miles to create alternate buffer distances.

Smaller reactor technologies can evaluate the impact on siting with population density caps of less than
20 miles. One of the advantagesSdfiRs andAR technologies is the ability to replace smaller, aging

electric plants located closer to population centers. Arguments for allée¢p be closer to population
centers typically include a reduced core damage frequency, elimination ebteajelossof-coolant

accident sequences, smaller source term, reduced early release fraction, reactor vessels and containment
vessels that are loe entirely underwater or below grade, and reactor buildings that are located partially
or totally below grade.
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FigureA-3. Sample population calculation for each grid cell.

Past ORSAGE studies have used a population caliboth cap value of 10 miles f&MR evaluations
assuming that they could be sited closer to population centers, although this adjustment had no regulatory
or guidance basis. However, the NRC has recently begun taking a closer look at advanced regctor sitin

The NRC staff has prepared SECY-@Q45(NRC, 2020)or consideration by theommission with some
alternative siting guidance options #8Rs based on the Nuclear Energy and Innovation Modernization
Act (NEIMA) definition. The NRC is not proposing any change in the 10 QFRrégulations for siting.
Instead, they are looking at providing alternative siting guidance. The siting guidance option
recommended by the staff in SECY-Q045 aligns the advanced reactor (NEIMA definition) siting
guidance with proposed revisions to #maergency planning requirements and the radiological
consequences calculated for desigecific events. The staff has recognized that the LPZ for a given
reactor technology and the reactor EAB may be the same based on dose requirements as assoeiated sour
terms diminish with size. Therefore, the staff has recommended that if the LPZ remains larger than the
EAB based on calculated dose from a design basis event or if a design basis event results in an offsite
dose exceeding rem over the following 30 daythen siting guidance will exclude areas with greater

than 500 people per square mile (ppsm) out to a distance equal to twice the distance at which the 1 rem
dose over 30 days is calculated. This will likely be a short distance. The TVA Clinch River
Environmental Site Permit Applicatidrad emergency planning calculations for 2 miles and for the site
boundary. Under the same staff option, if there is no licensing basis event dose excesitgyond

the EAB, then the reactor EAB can be situated righiouthe edge of a population center of 25,000

people or more and within population centers smaller than 25,000 people. If the reactor technology
produces calculated offsite doses that excemuaii] then the standoff distance must be increased. Using
the TVA ESP 2mile EPZas a basis, the ORAGE population density calculation is conservatively
capped at 4 miles (twice the emergency planning distance) to reflect the opportunitiRssiteich

closer to population centers. The population density calcol&tiovery small reactors could potentially

be capped at even smaller values in accordance with the SEG¥480ecommendations and the
discussion above.
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Even with provisions foAR siting closer to population centers, many of the coal plants failegvised
advanced reactor population evaluation. Population limited coal plants,ARioglculation caps at 4
miles, were eliminated from further consideration for backfit. This is because of the direct link of the
population density parameter to the 1BRC100 reactor siting requirements.

A-2.2 Geologic Considerations

There are several geologic considerations that must be consideldeHsiting. Parameters that are
easily evaluated on a national basis include seismic restrictions, proximity to faulttiegsslepes, and
landslide risk. These parameters are incorporated into tR8ATFE tool.

The SSEpeak ground acceleration (2% chance in-g&#r return period) greater than a selected
threshold parameter value is flagged by-ORGE. The 2002 EPRI sitinguidance recommended

limiting large reactor technologies to less than 0SS§peak ground acceleration. AR technologies

allow for more seismic mitigation through design, the ©RGE threshold parameter for seismic activity
has been set slightly highatr 0.5 gSSEpeak ground acceleration. Mitigating design features may include
smaller footprints, smaller piping systems, passive safety systems, underground installation, and
improved seismic isolation. As noted, this value is variable within the detabdscan be adjusted based
on technology.

Land too close to identified fault lines is flagged by the ®@&GE tool. Table 1 iAppendixA to

10CFR 100 provides a relationship between fault length and a standoff distance from the reactor site.
This table is embedded in the €BAGE evaluation of faults. If a cell is too close to a fatih given

length per the table, then the cell is flagged. The fault evaluation {8 &AFE is fixed and cannot be
adjusted.

Steeper slopes are avoided based on the economic cost of preparing the site for construction. The 2002
EPRI siting guidance recommeéed limiting the slope to 12% for large reactor sites. S8M&s andAR
technologies tend to have smaller footprints compared to current large reactors, this value is relaxed to
18% as the baseline threshold value in®A&GE for these technologies recadng that more extensive

site work to prepare a relatively small site may be justifiable. This threshold value is variable within the
database and can be adjusted based on technology and site economics.

The USGS provides broad landslide risk based oergegeological data for land regions. RGE
flags cells falling within areas of moderate or high risk. This does not imply that a site is unusable; it is
merely a flag to indicate the need for further localized geologic evaluation for landslide risk.

A-2.3 Water Considerations

Current large LWRs rely on cooling water for heat rejection. Therefore, plants that rely on makeup
cooling water will need tbe inproximity to a water source. Conflicting water considerations for siting
include wetlands and open watex well as areas that lie within a designatedy flood plain. These
parameters are easily evaluated on a national basis and are incorporated ints#hePRol.

For those reactor technologies that require a Wadsed ultimate heat sink, tR-SAGE tool assumes a
closedcycle cooling system with freshwater makeup water requirements. Codliteg makeup
requirements are based on rules of thumb for coeliapr makeup required per megawatt of generation.
These rules of thumb are consisterttwgénvironmental analyses supporting site evaluations submitted to
the NRC. A subset of reactor technologies can be bounded by a threshold makeup need and a siting
assessment famakeup coolingvater need can be evaluated. In this case, the threshaltigtar value

is selected based on the largest MWe rating of the nominal reactor technology configuration (single plant,
multi-module, etc.). Additionally, based on the EPRI siting guidah@es assumed that coolivgater
makeup should be limited to takj no more than 10% of the available stream flow. This limits the siting
of reactor plants to the vicinity of streams with sufficient flow volumes. The EPRI guidance further
recommends that the cooling source be wiltimiles to provide reasonable proxiynto a cooling
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water source, allowing for piping and pumps. The 8&GE tool has several preset makeup water values
for selection as the threshold value of interest. Other methods for providing the plant ultimate heat sink
include saltwater, aquifers, ey (sanitized) water, and apoling. Alternate coolingvater sources are

not directly modeled. This layer is not modeledA®& technologies under the assumption that they can
use the atmosphere for their ultimate heat sinthat the current water uaethe sitas sufficient So, this
OR-SAGE layer does not exclude any cpkint analyses foARs. However, the backfit of large LWRs

at certain coal plant sites was considered in this report. Therefore, the discussion on anateting
evaluation layers valid.

Data ells in the ORSAGE model that are evaluated to fall within wetlands and open water are flagged
and excluded. In general, the tool will identify all areas containing surface water, including engineered
cooling ponds near a site of interdallow-up consideration of a site can determine any limitations
associated with such features. Likewidatacells that are evaluated to fall within an identified 1/@@r
floodplain are flagged and excluded.

A-2.4 Other Considerations

Proximity of adatacell to other land uses or risks are also evaluated by tRBAIFE tool. Areas
considered include a large class of land that is considered protected for other public ds¢acatd
that may be excluded based on their proximity to facilities that gwolMide a hazard to nearby reactor
operation.

Protected lands include national parks, national monuments, national forests, wilderness areas, wildlife
refuges, wild and scenic rivers, state parks, county parks, American Indian lands, Bureau of Land
Managment, hospitals, colleges, schools, and correctional facilities. These lands are excluded based on
their public nature or their special use. Exclusions based on the individuaktktiae fixed; however,

any given protected land datatcan be turnedfbfor special consideration. For example, the American
Indian lands layer could be turned off if there were interest in siting a facility on American Indian land.

Land in the vicinity of facilities that could pose a hazard to the safe operation ofa ieelcide

commercial airports, chemical facilities such as oil refineries, certain energy facilities such asgaatural
compressor stations, and military bases. The vapor plume from any associated reactewabeting

tower could also pose a risk tmaarby commercial airport. Commercial airports are identified with-a 10
mile buffer in the ORSAGE database. Chemical and energy facilities are pinpointed withile Buffer,

and military facilities are outlined with arile buffer. Cells that fall insie the buffer zone for one of

these facilities are flagged for further analysis. In the case of airports, this could be a risk assessment to
further evaluate the runway orientation and the operations tempo. Military bases may be considering
siting a reactoon the facility. In this case, the exclusion layer for military bases can be removed.

A-2.5 Evaluating Specific Sites

Thetypical applicatiorof OR-SAGE isfocused on a topown evaluatiorof nationalor regional siting
evaluationsHowever, building on theop-down fundamentalst is also possible to apply GRAGE in a
bottomup fashion by focusing the tool on specific sifésr this type okvaluation concentric circles are
projected around a selected site center miiat0.5mile radius (500 acres) amadl-mile radius (2,000
acres)In thistype of evaluationheindividual 100- by 100m OR-SAGE datacells become more
visually apparentAn exampleof a sitespecific evaluatiois shown inFigure A4.

An evaluation of the data cell containing #ie center point can be conducted for a quick screen of the
site. This was donfor this studyfor the initial list of recently retireglants to manage the scope of plants

to review for the selectioof a cag study siteHowever, the application of the GRAGE tool on a single
point does not provide much discrimination among sites nor does it provide a wholistic look at the sites.
Therefore, anore indepthsite evaluationwas applied to the area around thie senter points to evaluate

the areawithin a 0.5 and mile radii (~500 acres arj000acres). Often, a utility will own much of the
















































